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 ABSTRACT 
The sustainability of groundwater resources is important for the environment, the 
economy and communities where surface water is scarce. It is a hidden resource, but additional 
information can be extracted by combining groundwater measurements and lithological 
information with groundwater flow equations in groundwater models. The models convert data 
and knowledge about the groundwater systems into information, such as relative inflow and 
outflow rates and water-level predictions that can be readily understood by groundwater 
managers. 
The development of models to effectively inform groundwater management policies is, 
however, a complex task that presents a fundamental scientific challenge. This thesis presents 
methods and results for water balances calculated using groundwater flow models. 
Groundwater flow modelling methods and approaches are discussed, and their capabilities and 
limitations are reviewed. Two groundwater systems are studied for the Great Artesian Basin 
(GAB) and for the irrigation area near Bowen, Queensland. Three approaches to water balance 
modelling are applied in comprehensive model-development frameworks that take into account 
model objectives, data and knowledge availability and sensitivity analysis techniques. The 
three models show numerical methods of increasing complexity. The Bowen study area is well-
suited to the least-complex method because data collection has been a priority there. As a 
contrast, the GAB is a large, poorly-monitored basin for which more knowledge of the 
groundwater system can be gained from its simulation by the steady state and transient 
groundwater flow models. The Bowen impact assessment model calculates dynamic historical 
water balances. The GAB aquifer models are high-complexity representations of the 
groundwater system that include predicted responses of the system to changes in hydrological 
conditions. These are comprehensive and well-documented attempts to model these systems. 
They provide a platform for scenario investigation and future improvements.  
Darcy’s Law was used in a GIS (Geographic Information System) to calculate dynamic 
water balances for an aquifer near the Queensland town of Bowen. This is the first time this 
approach has been applied to generate a complete groundwater balance. Over the period 1989-
1997 the model estimates average total inflows to be 87 % groundwater recharge by rainfall 
and irrigation return flow, 12 % river recharge and 1 % inflow across the study area boundary. 
Outflows are estimated to be 66 % evapotranspiration, 28 % water bore discharge, 4 % 
discharge to the ocean and 2 % groundwater loss to rivers. Analyses show that 
evapotranspiration is the most uncertain parameter value. The GIS method was found to be 
useful for calculating water balances more accurately than analytical methods, because of their 
simplifying assumptions, and less time consuming than the more complex numerical models 
developed for the GAB aquifer.  
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 For the GAB, a steady state numerical model was developed and tested and predictive 
scenarios were run. The purpose of this modelling was both to gain a better understanding of 
the water balance of the GAB and to provide a tool that could predict water level recoveries 
under different bore rehabilitation scenarios. The model complexity is greater than in any 
previous numerical groundwater model of the GAB. In particular, the model uses more data, 
extends over a larger area and uses a generally finer discretisation than previous models. For 
the nearest surface artesian aquifer in 1960 the model estimates total inflows to be 60 % 
groundwater recharge and 40 % diffuse vertical inter-aquifer leakage. The model estimates 
outflows to be 53 % diffuse vertical leakage, 43 % water bore discharge, 3 % spring discharge 
and 1 % discharge to the ocean. Analyses show that the model is most sensitive to changes in 
horizontal hydraulic conductivity and recharge. The model-predicted heads match field 
measurements with a Scaled RMS error of 0.8 %, which is well within the guideline error of 
5 %. The predictive scenarios show net vertical leakage into the aquifer decreasing and net 
vertical leakage out of the aquifer increasing, as bore flows are reduced. These estimates of 
inflows and outflows complement other studies of the Basin and add to our understanding of its 
hydrodynamics. In this way the water balance helps provide a sound basis for the development 
of GAB groundwater management plans and policies. Through its water level recovery 
predictions, the model has also been used to support the GAB Sustainability Initiative.  
A transient numerical model of the GAB was also developed and tested, and predictive 
scenarios were run. This model builds on the steady state model, and is more complex, with a 
calibration period (1965-1999) that is longer than in any previous GAB model. During 
calibration the model observations were expressed and weighted so that the minimisation of the 
objective function reflected the relative importance of the model’s potential uses, these being 
respectively: to simulate the impact of changing bore flows, to more generally inform water 
management plans and to provide an estimate of the water balance. It was found that the 1960 
steady state assumption was not correct. Discluding anthropogenic discharge, the model is most 
sensitive to recharge and hydraulic conductivity. The model-predicted heads match field 
measurements with a Scaled RMS error of 2.7 %, which is well within the guideline error of 
5 %, but the increased data requirements of the transient model highlighted deficiencies in the 
data available for the modelling. In particular, the uneven spread of the groundwater 
measurements over both time and space, the questionable accuracy of measurements from both 
high temperature and pressure bores, and corroded bores, and the type of discharge measured 
(for example, maximum yield or flow-as-found), became evident during the calibration of the 
model. Insights and the value of this work indicates for the first time that at the start of 2005 
outflows were estimated to exceed inflows by 266 GL/year, or 62 % of total inflows, and, 
assuming that inflows through the aquifer’s boundary will not be reduced due to climate 
change, it will be possible to recover some of the lost groundwater pressure if all stock and 
   v
 domestic bores are rehabilitated and new extractions are limited. In this case the modelling 
estimates that inflows could exceed outflows by up to 40 % of total outflows. 
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 Chapter 1: INTRODUCTION 
1.1 Outline of the problem 
Over-exploitation of many groundwater systems in Australia is causing groundwater 
levels to fall. In coastal aquifers this can lead to contamination of the aquifer by sea water. 
Further inland this can lead to contamination by lower quality groundwater from adjacent 
untapped aquifers as the pressure gradient between adjacent aquifers is reversed. As ground and 
surface water are connected, the viability of groundwater-dependent ecosystems and the 
baseflow component of river flows can also be impacted. Declining water levels also increase 
the cost of maintaining supply for existing users and reduce future options for new and high-
value users. 
To manage groundwater levels better, an improved understanding and quantification of 
groundwater resources is required. Groundwater balances provide information on the quantities 
of the most significant inflows and outflows, which is important for assessing the sustainability 
of a groundwater management regime. 
This thesis is concerned with modelling water balances, including groundwater/surface 
water interactions, from a groundwater perspective. The hydrogeologic structure and water 
inputs and outputs of the study areas are quantified and used in modelling frameworks. 
Water is an essential resource that there is ‘a responsibility to ensure … is allocated and 
used to achieve socially and economically beneficial outcomes in a manner that is 
environmentally sustainable’ (Commonwealth of Australia, 2004:1). Sustainable management 
requires an understanding of the resource. Groundwater is the hidden component of the 
resource and there are many gaps in the available data. Darcy’s Law defines the volumetric rate 
of flow through a tube of saturated medium as a relationship between the hydraulic 
conductivity of the medium, the hydraulic gradient in the tube and the cross-section area of the 
tube. Combining this equation with groundwater measurements and other data, in consort with 
vigorous model assessment techniques, can extend the information that can be obtained from 
the data.  
Models are tools that can be used to help set priorities, give longer-term perspectives and 
develop improved management practices. Using Darcy’s Law to model a groundwater system 
enables quantification of the water balance: how much water is there, and how much is entering 
and leaving the aquifer and where. 
The thesis presents a comparison of three modelling approaches for estimating water 
balances and draws some conclusions about the likely water balances of the study areas.  
The first model (GIS-based model of the Bowen aquifer) demonstrates a method of 
calculating water balances using water level measurements. This is the first application of this 
method to generate a complete dynamic water balance. 
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 The second model (steady state model of the GAB) is a more complex representation of a 
groundwater system, and enables predicted responses of the system to changes in hydrological 
conditions. This model uses more data, extends over a larger area and uses a generally finer 
discretisation than previous models of the study area. 
The third model (transient model of the GAB) improves on the second model and includes 
a temporal component. It was calibrated over a longer time period than any previous model of 
the study area. The observed data were expressed and weighted so that the minimisation of the 
objective function during model calibration reflected the relative importance of the model’s 
potential uses. 
The three modelling approaches are applied in comprehensive model-development 
frameworks that take into account model objectives, data and knowledge availability and 
sensitivity analysis techniques. These are the first comprehensive and well-documented 
attempts to model these systems. They provide a new understanding of the hydrogeologic 
frameworks of the basins and of their hydrodynamics, and provide a platform for scenario 
investigation and future improvements. 
1.2 Aim of the research 
This research has three aims: 
1. Develop and demonstrate a method of calculating retrospective/historical water 
balances for a data-rich aquifer using Darcy’s Law with the aid of a Geographic 
Information System (GIS); 
2. Estimate the water balance of a poorly-monitored groundwater basin using 
MODFLOW models and comprehensive assessment techniques; and 
3. Add to the understanding of these groundwater basins and provide a sound basis 
for improving management of their groundwater. 
1.3 Thesis outline 
This thesis has six chapters. An outline of these follows: 
Chapter 1: Introduction, introduces the problems that the thesis addresses, the aims of 
the thesis and this outline of the subsequent chapters. 
Chapter 2: Background, discusses groundwater flow modelling and water balances. It 
presents the equations governing groundwater flow and discusses the use of models as an aid to 
improving groundwater management. In this context, the elements of good model development 
are discussed. There is a particular emphasis on groundwater models that quantify water 
balances. 
Chapter 3: GIS-Based method: Bowen Irrigation Area, describes the development of 
the GIS-based water balance for the data-rich Bowen irrigation area. The available data and the 
   2
 hydrogeologic framework developed for the region are discussed. Individual water balance 
components are calculated by applying Darcy’s Law to polygons over the areas and time 
periods of interest. The modelling methodology, calibration, results and sensitivity analyses are 
described and discussed.  
Chapter 4: Steady state model: Great Artesian Basin, presents a more complex, steady 
state model and water balances for the Great Artesian Basin that were developed using the 
MODFLOW software package (McDonald and Harbaugh, 1988). Relative to its size and 
development history, this is a poorly-monitored basin. The mathematical model underpinning 
MODFLOW is described. The data and the information derived from it, as well as the 
modelling, calibration and sensitivity analyses, are discussed. Water balance results from the 
calibrated model and from some management scenarios are presented.  
Chapter 5: Transient model: Great Artesian Basin, continues with an alternative 
investigation of the Great Artesian Basin groundwater balance. Additional data are introduced 
and a transient model is developed using the same conceptual model but using a different 
version of MODFLOW software. As with the other models, the modelling approach, 
calibration, validation and sensitivity analyses are discussed. Water balance results from the 
calibrated model and from some management scenarios are presented, and results from the 
steady state and transient models are compared. 
Chapter 6: Discussion and conclusions. The modelling methods and results are 
discussed and the conclusions reached in the thesis are presented in this final chapter. 
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 Chapter 2: BACKGROUND 
2.1 Introduction 
The research presented in this thesis is focused on the development of models for the 
quantification of groundwater balances. Groundwater balance estimates increase understanding 
of groundwater systems and are important for water accounting and focusing sustainable use 
strategies. They inform evidence-based groundwater management policies. The development of 
models to effectively inform groundwater management policies is, however, a complex task 
that presents a fundamental challenge. 
This chapter describes the background of the thesis. The chapter begins by discussing the 
challenge and scope of the research. A particular focus of the chapter is on groundwater flow 
modelling methods and approaches. Darcy’s Law is explained. The capabilities and limitations 
of the modelling approaches are identified and water balances are discussed. Factors affecting 
model selection are considered. Calibration methods and sensitivity analyses are also discussed. 
This chapter is not intended to provide a comprehensive review of the entire topic of 
groundwater modelling or water balance estimates. Rather, the chapter provides an introduction 
to a selection of the types of groundwater flow modelling techniques available. In particular, 
unsaturated flow, variable density, solute transport and particle scale models are not covered. 
Neither are water balance estimates from component-specific models, such as chloride mass 
balance and isotope studies that model recharge rates. 
2.1.1 Models 
A model is a device that represents an approximation of a real system or process. Models 
are made because they synthesise the available knowledge and data and enable informed 
predictions about the outcome of a proposed action. They are often used to represent complex 
systems. 
When data are brought together for a model, the areas where more field measurements are 
required become apparent. Also, applying physical laws to field data reveals additional 
information about unmeasured or difficult to measure field properties. In this way models can 
offer insight to the system being modelled. Parsimonious models, which are based on the 
simplest conceptual mechanisms and employ the fewest parameters, yet still provide an 
acceptable representation of the system, provide insight to the system functioning and 
important processes. Model predictions can test hypotheses about system responses and allow 
quantitative comparisons of alternative proposed scenarios. 
A groundwater flow model simulates flow indirectly by means of a governing equation 
thought to represent the physical processes that occur in the system, together with equations 
that describe the spatial and temporal head and flow boundary conditions (Anderson and 
Woessner, 2002:2) 
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 2.2 Research challenge 
Settling the trade-offs between competing outcomes for water systems will involve 
judgements formed with the assistance of the best available science (Commonwealth of 
Australia, 2004:7). There is now an understanding that some groundwater systems are over 
allocated, and the demand for water is increasing. Resource managers must be able to 
demonstrate that decisions were made on the basis of the best available information. Thus tools 
are needed to synthesise data into information that can be more readily comprehended by non-
scientists. These tools are commonly simulation models that are developed to characterise 
groundwater systems. However, groundwater and the physical framework that constrains its 
movement are largely hidden, so accurately characterising these systems is difficult. 
Developing groundwater flow models requires a working knowledge of geology, physics, 
mathematics, computer programming and GISs. In the natural environment groundwater 
movement is constrained in three dimensions by geologic and/or landform structures, and 
lithology and/or regolith. It is driven by gravity and differences in hydraulic pressure, which are 
caused by differences in water density or elevation. Organising, consolidating, interpolating 
and formatting data for large models would be very difficult without the aid of computer 
systems. 
The complexity of groundwater systems and the uneven spread, poor quality or even 
absence of observed data present considerable difficulties for groundwater modelling. 
Consideration of numerous processes including anthropogenic water extractions and the 
interactions between water in adjacent geological formations is required. Assessment involves 
characterising recharge, discharge and transmission features within groundwater systems and 
developing linkages between water discharge rates and groundwater elevations. 
Managing a groundwater system for sustainability requires quantification of all of the 
water balance components. Groundwater levels will fall when outflows exceed inflows. Some 
components, such as aquifer recharge and water bore discharge, can be subject to a degree of 
human control, while others, such as leakage between aquifers, cannot. 
It is necessary for groundwater models to operate at spatial and temporal scales that are 
useful for management decisions. Ideally, they should provide results at both local and regional 
scales, and include multiple aquifers if these are present. Model time intervals should reflect the 
responsiveness of the system. Unconfined aquifers will show seasonal variations, while large 
confined aquifers will change slowly over decades. However, a large confined aquifer might 
probably be unconfined at its margin. An ability to extend the model into the future to test 
possible management scenarios is usually one of the objectives of model development. 
The modelling approach adopted needs to be appropriate to the groundwater system being 
modelled and the purpose of the modelling. It is also important that simplifications and 
assumptions that are introduced during modelling are well documented and are communicated 
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 to those using the model results. Similarly, communicating the likely accuracy of results is 
important. 
Thus the challenge is to develop predictive models that characterise complex systems, are 
easy to develop and use, and provide accurate results that are easy to communicate to non-
scientists. No single modelling approach can claim to do all these well. 
2.3 Research scope 
In this research Darcy’s Law is applied to groundwater modelling using both public-
domain MODFLOW software and a GIS-based method. For practical reasons there are 
constraints on the scope of what is investigated. Effort has been concentrated on developing 
one groundwater flow model for each of the three specific situations. Although sensitivity 
analyses were carried out on each model, the development of alternative models from the same 
data has not been attempted. The development of multiple models from the same data, but 
using different assumptions, allows for multiple model predictions, which can be averaged to 
give a prediction that is more likely to be correct than the prediction from a single model. 
Multi-model averaging of predictions is described by Poeter and Anderson (2005). 
The approach of using numerical groundwater models to estimate groundwater balances 
was taken for several reasons: 
• models add value to the data by incorporating groundwater processes, thus 
providing more informed water balance results; 
• numerical models, with fewer simplifying assumptions than analytical models 
(discussed further in Section 2.4.2), are better able to handle heterogeneous 
aquifers of irregular shape that occur in nature (Freeze and Cherry, 1979:352); 
and 
• models with a predictive capacity generate predictive water balances. 
Surface water processes are only considered to the extent that they overlap with 
groundwater process, such as river leakage into an aquifer or discharge from natural springs. 
Density-dependent and unsaturated flow is not modelled because Darcy’s Law does not apply 
in these situations. 
2.4 Groundwater flow modelling 
2.4.1 Modelling practice 
Anderson and Woessner (2002:6) describe the elements of groundwater model 
development that build support in demonstrating that a model is capable of producing 
meaningful results. These are: 
1. Establish the purpose of the model; 
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 2. Develop a hypothesis, usually referred to as a conceptual model, for how the 
system operates; 
3. Select the model method or software to be used; 
4. Design the spatial and temporal discretisation and determine initial parameter 
values for the site-specific model; 
5. Calibrate the model by determining the parameter estimates that yield the results 
that best replicate field observations; 
6. Perform sensitivity analyses to establish the effect of uncertainty on the calibrated 
model; 
7. Verify model predictions against unused field data; 
8. Generate model predictions; 
9. Perform sensitivity analyses to measure the uncertainty in the model predictions; 
10. Present the model design and results; 
11. Conduct a postaudit several years later to test the model predictions; and 
12. Update the model. 
Anderson and Woessner acknowledge that this is an ideal list and some of the latter steps 
may not be possible. Jakeman et al. (2006) present a similar modelling framework for model 
development and application that is generally applicable to environmental models. The Murray-
Darling Basin Commission (MDBC, 2000) builds on the principles in Anderson and Woessner 
(2002) by providing detailed guidelines for best-practice groundwater flow modelling. 
2.4.2 Modelling methods 
A mathematical model uses governing equations to represent the physical processes that 
occur in the system together with boundary conditions and initial conditions (Anderson and 
Woessner, 2002:2). Mathematical models can be solved analytically or numerically. An 
analytical model uses simplifying assumptions, such as homogeneous aquifer properties and 
idealised boundaries. A numerical model is more realistic and has more flexibility but requires 
more data. It requires all the model parameters to be quantified at the spatial and temporal scale 
of the model, and it requires higher resolution data for the model calibration. The method of 
developing a mathematical model is generic but the parameters, boundary and initial conditions 
vary with each model.  
To make the process of characterising a groundwater system manageable, numerical 
models use discretisation. Finite-difference and finite-element methods are the commonest. A 
finite-element mesh consists of regular or irregular-shaped polygons with nodes at their 
common points. These meshes are better able to approximate irregular boundaries. A finite-
difference grid consists of squares or rectangles with nodes at the cell centres or corners. When 
all finite-difference cells are square and the same size the model grid is directly compatible 
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 with GIS grids, simplifying data preparation and input. Both methods allow mesh refinement, 
implemented as decreasing polygon sizes, where fine detail is more important, such as in the 
vicinity of a pumping well. However, with finite differences the smaller cell sizes extend to the 
model boundaries as well as in the vicinity of pumping centres. The number of nodes can be 
reduced with finite-element models, which do not have nodes falling outside the boundaries of 
the model area (inactive nodes) because the elements are fitted to the model boundary. The 
number of inactive nodes in finite-difference grids, which are always rectangular, can be 
minimised by rotating the grid. However, rotating datasets will add to the complexity of the 
modelling. Anderson and Woessner (2002:22) note that, while finite-difference methods 
compute the head at the node as the average for the cell, finite-element methods calculate heads 
at the nodes and define the variation of head within each element using an interpolation 
function. 
Groundwater flow models can be developed as forward models, where the parameter 
values and governing equations are believed to be known, or as inverse models, where 
governing equations and hydraulic heads are known but there is considerable uncertainty in the 
system parameters that determine the hydraulic heads. Most of the Bowen model outputs, 
which are discussed in Chapter 3, derive from forward solutions. However, the Great Artesian 
Basin models, discussed in Chapters 4 and 5, were developed by both forward and inverse 
procedures. Unless a model is an economic (parsimonious) representation of the data, system 
parameter values determined from solving an inverse problem are non-unique, indicating the 
model is over-parameterised. 
The remainder of Section 2.4 describes the mathematical equations that govern 
groundwater flow and their use in the MODFLOW software. 
2.4.3 Governing equation 
The three dimensional movement of groundwater of constant density through a saturated 
porous material can be described by the partial differential equation (McDonald and Harbaugh, 
1988:2-1): 
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 2.1 
where Kx, Ky and Kz with dimensions ŁT-1 (length/time), are values of hydraulic conductivity 
along the x, y and z axes, which are assumed to be parallel to the major axes of hydraulic 
conductivity; h is the potentiometric head with dimension Ł; W with dimension T-1 is the 
volumetric flux per unit volume and represents sources and/or sinks of water; Ss is the specific 
storage of the porous material with dimension Ł-1; and t is time with dimension T. 
The derivation of this equation is covered by Anderson and Woessner (2002:16) and 
Rushton and Redshaw (1979, cited in McDonald and Harbaugh, 1988:2-1). Darcy’s Law, 
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 which is described in the following section, is introduced into the derivation of Equation 2.1 to 
define the relationship between flow rate and potentiometric head. 
2.4.4 Darcy’s Law 
Darcy’s Law derives from laboratory experiments carried out by Henry Darcy in the mid-
1800s. He showed that the specific discharge through a fully saturated, sand-filled cylinder is 
directly proportional to the difference between inflow and outflow water levels when the length 
of the cylinder is constant, and inversely proportional to the length of the cylinder when the 
difference between inflow and outflow water levels is constant (Freeze and Cherry, 1979:16). 
Equation 2.2 represents the one-dimensional case, where v is the flow velocity, also called 
the specific discharge, with dimensions of ŁT-1; K, the constant of proportionality, is the 
hydraulic conductivity, also with dimensions ŁT-1, and dl
dh  is the dimensionless hydraulic 
gradient. The negative sign indicates that l and v are measured in such directions that h 
decreases and l increases in the direction of positive flow velocity. 
dl
dhKv −=  2.2 
In three dimensions the flow velocity becomes the flow volume Q with dimension Ł3T-1 
(Equation 2.3). This is proportional to the cross-section area A of the cylinder with dimension 
Ł2. 
A
dl
dhKQ −=  2.3 
2.4.5 Boussinesq Equation 
The Boussinesq equation, governing constant-density groundwater flow in two 
dimensional saturated unconfined aquifers, can be expressed as: 
R
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where R is a general source/sink term 
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with dimensions ŁT-1, and Sy is the dimensionless 
specific yield. By invoking the relations: 
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the equation can be re-written (Anderson and Woessner, 2002:16) as: 
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This equation is non-linear because h appears to both the first and second powers. 
Anderson and Woessner point out that by using known values of saturated aquifer thickness 
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 Equatio earised in a numerical model, and that this is the approach 
used
ature of the hydrologic system 
being simulated, such as river-aquifer interactions. Groundwater flow is simulated using a 
block-centred finite-difference a
at is independent of 
potentiometric head, such as recharge or groundwater pumping, is simply added to or 
sub uation, where the sum of all flows into and 
out o
A groundwater balance, also known as a water budget, quantifies the major inflows, 
outflows and
 of a groundwater resource can be assessed by comparing recharge and 
discharge rates. Discharge exceeding recharge can forewarn of falling groundwater levels, 
reduced river flows as baseflow di
nents can provide insight to the hydraulic 
syste
ut a future predictive capacity. The two Great Artesian Basin models in chapters 4 
n 2.5 can be effectively lin
 in MODFLOW (McDonald and Harbaugh, 1988). 
2.4.6 MODFLOW 
MODFLOW (McDonald and Harbaugh, 1988) is a generic model. The MODFLOW 
software simulates constant density groundwater flow in saturated aquifers in three dimensions. 
It is modularised into packages that each deal with a specific fe
pproach, so spatial discretisation is rectangular. Aquifers can 
be simulated as unconfined, confined or a combination of both. 
McDonald and Harbaugh (1988:2-5) derive the finite-difference form of Equation 2.1 
using physical concepts. Flow between any two cells is given by Darcy’s Law. Flow from a 
head dependent source, such as river leakage, is also given by Darcy’s Law. It is treated as a 
conductance with the seepage being proportional to the difference between the potentiometric 
head in the cell and the external head. Flow from or to an external source th
tracted from the cell. Finally, the continuity eq
f a cell must equal the rate of change in storage in the cell, is applied. 
2.5 Water balances 
 changes in storage of a groundwater system. A water balance can be spatially 
and/or temporally distributed or it can be reported as a lumped parameter. 
The sustainability
minishes, or ground subsidence as previously water-filled 
pore spaces collapse.  
Comparing individual water balance compo
m and guidance for water managers. 
2.6 Model selection 
The modelling method selected will depend on the purpose of the modelling, and the 
available data, time and resources for the study. When data are scarce an analytical solution 
may be best as model uncertainty will be high regardless of the model chosen. The MDBC 
(2000:16) identifies three model classifications. In order of increasing complexity, these are: 
Basic, Impact Assessment and Aquifer Simulator models. The Bowen model, which is 
described in the next chapter, is an example of an Impact Assessment model. It is a numerical 
model witho
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 and hese are high-complexity representations of the 
grou
Prior to calibration a preliminary numerical model is constructed from the conceptual 
model 
easured 
heads and flows to within acceptable tolera
is the process of adjusting m
ng a trial and error approach. This approach is difficult to implement 
successfully with transient models because parameter value changes simultaneously affect both 
spatial and tem
Computing, 2004) and UCODE (Poeter et al., 2005) are model-independent 
packages. With files prepared by the user, these packages run a model multiple times while the 
software
o calibrate, and 
therefore the 
Because knowledge of groundwater system components is incomplete, many differently 
parameterised groundwater models could replicate the observed hydraulic heads of a system. 
 5 are Aquifer Simulator models. T
ndwater system that include predicted responses of the system to changes in hydrological 
conditions.  
2.7 Calibration 
and the available data, which have been spatially and temporally interpolated to the 
chosen discretisation regime. Because aquifer and groundwater measurements are taken at 
discrete times and places, information on the system parameters is always incomplete. 
The purpose of calibration is to establish that the model can reproduce field m
nces (Anderson and Woessner, 2002:8). Calibration 
odel parameters within their reasonable bounds so that, when all 
parameters and stresses are substituted into the driving equation, the model output replicates 
measured values. Finding these parameter values is the solution to the inverse problem. 
Parameter estimation can be by trial and error or be automated using computer programs. 
Initial calibration is best done by trial and error, as this is when any inconsistent data are most 
obvious. Inconsistent data may be erroneous or may indicate high heterogeneity that is not 
adequately resolved by the available data. Continuing with trial and error, or manual, 
calibration focuses attention on the groundwater processes and can lead to improvements in the 
conceptual model, but is very time consuming. The steady state model described in Chapter 4 
was calibrated usi
poral hydraulic head distributions. However, it was successfully used to 
calibrate a transient Lower Murray region model (Punthakey, 2001; personal communication, J. 
Punthakey, 2002). 
Some software packages are available to automate model calibration. PEST (Watermark 
Numerical 
 modifies parameter values to approach the objective function/s. The calibration of the 
transient model described in Chapter 5 included this automated approach to parameter 
estimation. 
Aquifer Simulation models are the most complex groundwater models t
most likely to be calibrated with the assistance of parameter estimation software. 
A steady state calibration seeks to replicate the measurements from one head surface, but a 
transient calibration must replicate head fluctuations over time. When the number of calibration 
bores is large it is difficult to fully calibrate this latter type of model manually. 
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 By having to replicate head variations over time, there are fewer possible inverse solutions to a 
transient model than to a steady state model of the same system. Similarly, calibrating over a 
perio
size, range in measured 
values and choice of datum, and so can be used to compare the calibration of different models. 
Sys  erro iduals. 
ch models, the multi-model averaged 
resul
00:561). The model should be run a large number of times; the 
MDB
                                                     
d that includes extreme stresses, such as high recharge or pumping rates, can further 
reduce the non-uniqueness problem and produce a more robust model. 
MDBC (2000:42) lists qualitative and quantitative measures that can be used to assess 
model calibration. Qualitative measures include the assessment of groundwater flow patterns, 
aquifer responses to variations in hydrological stresses and the aquifer properties adopted to 
achieve calibration. Quantitative measures report the modelled minus measured head residuals. 
MDBC (2000:43) lists numerous quantitative measures of average model error from these 
residuals. These statistical measures are described in Appendix A. Some of the measures are 
not comparable between models: the Sum of Residuals (SR) and the Sum of Squares (SSQ) 
vary with sample size; the Mean SR, the Mean SSQ and the Root Mean Square (RMS) vary 
with the range of the measured values; and the Root Mean Fraction Square (RMFS), and to a 
lesser extent the Scaled RMFS vary with the choice of datum. However, the Scaled Mean Sum 
of Residuals (SMSR) and the Scaled RMS are independent of sample 
tematic rs can be determined from histogram plots of res
2.8 Uncertainty and sensitivity 
Most mathematical models are deterministic. They behave predictably and always 
produce the same output for a given input and initial conditions. This output lacks information 
about the uncertainty in the model predictions. One way to estimate and reduce the uncertainty 
in model predictions is to develop multiple calibrated models based on the same data (Poeter 
and Anderson, 2005). The family of models thus produced would be based on different 
conceptual models and/or different interpolations of the data. Assuming that the family of 
models covered the full range of outputs expected from su
ts should be more accurate than the results from a single model. However, the time taken 
to generate these additional models is usually prohibitive. 
An alternative is to perform Monte Carlo simulations, where pseudo-random inputs are 
used with a single calibrated model, resulting in many model runs for each management 
scenario. For example, recharge rates for future time periods could be randomly selected from 
historical datasets (MDBC, 20
C (2000:56) suggests 100 times, but concludes that for complex transient models the total 
runtime could be exorbitant.  
1 The page numbers in the printed and the internet versions of MDBC (2000) differ. This thesis 
uses page numbers from the printed document. 
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 Model validation is a useful check that a model can predict observed field measurements 
for a period that was not included in the calibration window. This either requires some 
potentially useful data to be withheld during the calibration, or is undertaken when more data is 
available subsequent to the calibration. However, Konikow and Bredehoeft (1992) point out 
that 
form a sensitivity 
analy
n the model output. In practice, non-linear 
complex models, such as some groundwater models, require many forward model runs with 
rand  combinations of parameter values that 
corre
al processes to produce 
resul
results. Different types of 
grou
lexity. The Bowen study 
area is well-suited to the first method because data collection has been a priority there. As a 
models cannot be proven or validated, but only tested and invalidated. Even if a model 
adequately reproduces historical data, it might fail to predict future responses under a new or 
extended set of stresses. 
An easier way to quantify the effect of uncertainty on a model is to per
sis. Calibrated parameter values are systematically changed within the range of plausible 
parameter values. The model is then run and the effect on the model results is recorded. This 
enables the effect of uncertainty on the different parameters to be compared.  
In principle, sensitivity analysis can also be treated as an inverse problem, called 
parameter bounding (Norton et al., 2005). Specified output behaviour is translated back 
through the model to constrain the input parameters. Using this method, the model input 
corresponding to the limits of acceptable model output can be determined. However, for 
complex, non-linear models inversion of bounds is not easy and might be impossible (personal 
communication, John Norton, October 2006). Parameter bounding can also expose critical 
parameters that can take only a very restricted range of values, or conversely, those that can 
take a wide range of values with little effect o
om samples of the model parameters to find the
spond to the desired limits of model output. 
2.9 Chapter summary 
The importance of developing appropriate water balance models has been discussed in this 
chapter. Models process knowledge. They synthesise data with physic
ts that can focus resource management. The development of appropriate models is a 
difficult task. Accurately characterising the recharge, discharge and transmission of complex 
groundwater systems that are largely hidden from view is challenging.  
The steps in best-practice model development presented in the chapter build support in 
demonstrating that a model is capable of producing meaningful 
ndwater models are discussed. The equations governing groundwater flow, including 
Darcy’s Law, have been presented and their use in MODFLOW has been explained. 
Calibration methods and uncertainty analyses have been discussed. 
This research seeks to apply groundwater modelling to produce water balances for two 
study areas, the Bowen irrigation area and the Great Artesian Basin, using three different 
models. The three models show numerical methods of increasing comp
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 contra  B dge 
of the gro ca
st, the Great Artesian asin is a large, poorly-monitored area for which more knowle
undwater system n be gained from the other two methods. 
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 Chapter 3: GIS-BASED METHOD: BOWEN 
IRRIGATION AREA 
method of estimating a dynamic water balance as 
applied to a coastal aquifer near Bowen, Queensland, Australia. The method is best suited to 
data-rich aquifers because water balance components are calculated independently of each 
other. The method estimates historical water balances, so is most useful for understanding a 
hydrological system and exposing relationships between inflow and outflow components. 
Although the dynamics are not modelled, because successive time periods are treated 
independently, the model provides insight into the dynamical behaviour via the time series of 
the water balance components. 
milar approach was applied by the Queensland Department of Natural Resources and 
Mines (2000) to estimate groundwater storage and coastal groundwater discharge for the 
Burdekin River delta. The method presented in this chapter is more comprehensive because it 
calculates a complete groundwater balance for the study area. 
his chapter describes the study area and the available data. The hydrogeologic 
framework determined from the data is then presented. The focus of the chapter is the 
modelling methodology. Model results and a sensitivity analysis follow. 
ection 3.1 describes the study area. Section 3.2 describes the data used in the model and 
its preparation. Section 3.3 presents the hydrological framework of the area. Section 3.4 
presents the modelling methodology. Section 3.5 presents the modelling results. Section 3.6 
discusses model uncertainty. Section 3.7 presents a sensitivity analysis of the model. 
Section 3.8 is a chapter discussion. 
 the author describing this work (Welsh, 2002; Welsh, 2006b) 
contribute to the content of this chapter. 
3.1 Study area description 
Bowen is a coastal town in the dry tropics of Queensland. The Bowen irrigation area 
(Figu rs about 220 km  and occupies a valley open-ended to the ocean in the north. 
It has two ephemeral streams: Don River and Euri Creek. There are on average nearly 300 dry 
days per year, and the summer-dominant rainfall is extremely variable, ranging from 255 to 
This chapter presents a GIS-based 
A si
T
S
Previous publications by
re 3.1) cove 2
2358 mm/year. The irrigation area is one of the largest horticultural areas in the dry tropics of 
Queensland (Baskaran et al., 2001:1) and is groundwater dependent. With horticulture 
increasingly replacing grazing on the floodplain, the groundwater resource is under increasing 
demand, particularly during prolonged dry periods.  
To combat declining groundwater levels, restrictions on groundwater pumping were 
imposed in 1969 and enhanced in 1984. These limited the time of day and the days of the week 
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when irrigation pumping was allowed. A move from flood to trickle irrigation began in 1984. 
Flood irrigation had ceased by about 1996. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure tudy area and boundary conditions of 
the aqu
 
The  h
Resources Commission undertook a comprehensive review of the available information on 
wate
3.1: Location of water bores within the s
ifer. 
re ave been several studies of the Bowen groundwater supply. The Queensland Water 
r resources in the Bowen area (Water Resources Commission, 1988) and stated that the 
overuse of groundwater was responsible for the deterioration of water quality near the coast 
where saline water had intruded into the aquifer. A planning study by Gutteridge Haskins & 
Davey (1997) for the Bowen Shire Council summarises a wide range of background 
information to support Shire strategic plans. The study indicated that horticultural production 
 on the flood plain and delta of the Don River and Euri Creek forms a significant part of the 
Shire's economic base. Baskaran et al. (2001) carried out a comprehensive water quality 
inves
 reverses the hydraulic gradient at the coastline there is potential for 
seawater intrusion and long-term damage to water quality in these parts of the aquifer. 
3.2 Data 
 the aquifer’s stressed nature and economic importance to the region, data 
collection and monitoring has been a high priority. The following data and information were 
available for the study area: 
• 726 bore hole lithological logs,  
• water levels from 260 dedicated monitoring bores, generally read bi-monthly, 
including 10 multi-piped bores near the coast,  
• 6 bores with pump-test transmissivities,  
• metered water use read 4 to 5 times annually from 454 production bores,  
• the locations of 469 unmetered stock and domestic bores,  
• air photos,  
• mean daily river heights from one gauge in the Don River and another in Euri 
Creek,  
• topography from 1:100,000 scale mapping,  
• surface geology and bottom elevation of the alluvial sediments from Water 
Resources Commission (1988),  
• daily rainfall and pan evaporation rates from the Bureau of Meteorology, which 
were assumed to be spatially uniform,  
• soil type and texture at 1 km resolution from the National Land and Water 
Resources Audit (2001), and  
• land use covering an area of 50,936 hectares and mapped at a scale of 1:25,000 in 
2000 (Dawson, 2001).  
he lithological logs were used to calculate point estimates of saturated-zone horizontal 
hydr the 
lithologies (Freeze and Cherry e then calibrated against the transmissivity 
measurements. Estimated alluvial Kh in the saturated zone varies between 0.1 and 100 m/day. 
Based on the standard conductivities, the weathered granite, which has the appearance of 
tigation over the irrigation area and concluded that sea water intrusion has occurred near 
the coast, and that deep drainage through granitic sediments and the recycling of salt from 
irrigation are the main drivers increasing groundwater salinity in the upper floodplain area.  
In summary, the issue of primary concern for groundwater managers is over-pumping. 
When over-pumping
In recognition of
T
aulic conductivity (Kh) of the alluvial sediments using standard conductivities for 
, 1979:29). These wer
   17
 coars
gure 3.2. 
The lithological logs were also used to determine the elevation of hydraulic basement 
(Figure 3.3), and thicknesses of the alluvial sediments (Figure 3.4) and the weathered grani
(Figure 3.5).
minimum elevation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Estimated aquifer transmissivity for March 2000, assuming Kh = 
0 m/day for the weathered granite. 
e sand, was assigned a constant Kh of 20 m/day. The resulting estimated transmissivity at 
March 2000 is shown in Fi
te 
 Bore logs terminating within the respective lithologies supplemented those 
penetrating the full thickness to provide additional information on minimum thicknesses and 
Figure 3.2:
2
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 Density corrections were applied to the water table measurements using Equation 3.1 
(after Lusczynski, 1961).  
f
s
f BAH ρ
ρ+=  3.1 
Corrected hydraulic head  was calculated using the elevation of the bore screen above f
sea level 
H
A , the height of the water above the bottom of the bore B , the density of the bore 
water sρ , which varied from 0.9968 to 1.0296 g/cm3, and the density of fresh water fρ , which 
is 0.9965132 g/cm3 at 27 °C, an average Bowen groundwater temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Aquifer basement elevation. 
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 A density correction for sea water at the coast is problematic because the depth is 
unknown. Instead of using the above formula the correction was estimated by extrapolating the 
second order polynomial trend line in a plot of hydraulic head difference due to density against 
grou y (Figure 3.6). The correction to apply was estimated as 0.4 m at 
1.0228 g/mL, which is an estimate of the seawater density. 
ater level measurements in the multi-piped bores were used to ascertain that the 
perm ifferent depths could be modelled as a single aquifer. The water 
levels in each set of pipes were compared after correcting for density variations due to salinity 
(Equation 3.1). 
ndwater densit
W
eable lithologies at d
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Thickness of the alluvial sediments. 
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Water table depth measurements from the monitoring bores were adjusted to a common 
datum using the topographic data and corrected for density variations as described above, then 
inter
thickest in the south. Because the water table deepens toward the south, the saturated part of the 
polated to common points in time to determine the hydraulic head surfaces. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Thickness of the weathered granite. 
 
3.3 Hydrogeologic framework 
The lithological logs show that the aquifer consists of unconsolidated fluvio-deltaic 
deposits over weathered granite. Production bores are screened in both lithologies. The alluvial 
sediments (Figure 3.4) are thickest at the coast and the weathered granite (Figure 3.5) is 
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referential groundwater flow occurs in the more transmissive zones of the infilled 
channels formed by the unweathered granite that is assumed to be the hydraulic basement 
(Figure 3.3). The aquifer is unconfined and groundwater flow is from the south toward the 
coast. Figure 3.7 shows the groundwater flow directions determined from the observed 
hydraulic heads. A north-south oriented alluvial valley, which overlies a basement channel, 
transmits all flow from the south of the study area. Both the Don River and Euri Creek are 
hydraulically connected to the aquifer. 
onceptually, water enters the aquifer as recharge by rainfall and excess irrigation through 
the soil, laterally from up-gradient parts of the aquifer and through the riverbed sediments when 
the river water elevation is greater than the water table elevation. Water exits the aquifer as 
discharge to the sea, through water bores, as river baseflow and via evapotranspiration. 
Groundwater storage changes by the difference between the inflows and outflows.  
 
 
 
 
Plot estimating the hydraulic head correction at the coast.  
3.4 Modelling 
0.
0.
 
0. 
0.
 
aquifer is mostly alluvial sediments in the north grading to mostly weathered granite in the 
south. 
P
C
 
 
 
 
 
 
Figure 3.6: 
 
methodology 
This method is based on Darcy’s Law and is data driven. It involves discretising and 
simplifying the groundwater system components so that the important processes are captured. 
The model structure is spatially-based with simple physics applied within and between 
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polygons, which are shown in Figures 3.7, 3.8, 3.9 and 3.10. The water balance components, 
except recharge in this case, are calculated independent of each other. 
 
 
 
 
T
possible, the boundary coincides with the edge of the saturated aquifer or is parallel to the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7: Coastal discharge polygons and groundwater flow directions. 
 
3.4.1 Discretisation 
Spatially, the model extends over both the extensively cropped river delta and inland over 
the increasingly cultivated floodplain. o reduce potential errors in the calculations the study 
area boundary was chosen to minimise the amount of groundwater flowing across it. Where 
 direction groundwater flow. Areas of outcropping basement are not included. These 
measures maximise the extent of the no-flow boundary.  
The study area was discretised into polygons whose sizes were influenced by the density 
of the data and cho
of 
sen to show an estimate of the spatial variation of the water balance 
components. Polygon sizes vary from 0.04 km2 to approximately 5 km2, as discussed
Sections 3.4.
ights were available to 20 November 1999; and 
water levels were available to 8 April 2000. Time was discretised into 28-day intervals. A 
longer time step would have blurred seasonal variations and a shorter time step was not 
supported by the water level measurements, which were, on average, carried out bi-monthly. 
he water table elevation is pivotal in determining all components of the water balance 
except the bore discharges. The simulation model does not move water laterally between 
polyg calculates polygon inflows or outflows based on water level differences within 
each polygon. Evapotranspiration uses water table depth to regulate discharge. 
3.4.2 Water bore discharges 
m metered irrigation bores were summed for the model time steps 
and an estimate of use from stock and domestic bores, based on published household use from 
nearby regions (Australian Water Association, 2002:26), was added to give the bore discharge 
rates . Bore water use from July 1989 to May 1997 is shown in Figure 3.11. 
3.4.3 Coastal outflows 
mates of fresh water discharge to the sea were calculated for 14 coastal polygons 
(Figure 3.7) oriented parallel to the direction of groundwater flow and extending from the 2 m 
hydraulic head contour to sea level. The relation uses the Ghyben-Herzberg Concept, first 
developed by Joseph DuCommun (1828, in Ghassemi et al., 1996:5), that in a coastal aquifer 
the depth of the fresh water/sea water interface is approximately 40 times the head of fresh 
water above mean sea level at that location (Freeze and Cherry, 1979:375) due to the density 
difference between the two media. This method was chosen because the depth of the aquifer 
along the coast is unknown. If the saturated thickness north of the 2 m water level contour is 
less than 82 m, this relation will cause the coastal outflows to be overestimated. 
Using Darcy’s Law, each coastal polygon is treated as a tube with a hydraulic gradient 
given
 in 
3 to 3.4.6. 
As the groundwater system is driven by rainfall, which is very variable, it was important 
that the model extend over a few years. The model period commences on 18 June 1989. Bore 
flows were available to 7 June 1997; river he
T
ons: it 
Discharge volumes fro
, boreQ
Esti
 by the drop in hydraulic head ( 20max =−H  metres, in this case) divided by the average 
poly th  and a cross-section area as the average polygon width  by 41 times 
(i.e. 40 m below sea level for every 1 m above sea level) the average height of fresh water 
gon leng avL avW
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above mean sea level . It is assumed that the average hydraulic head represents the average 
depth of fresh water. Equation 3.2 (after Queensland Department of Natural Resources and 
Mines, 2000:25) estimates coastal groundwater discharge, which was calculated for each 
poly y period. 
avH
gon in each 28-da
avav
av
hcoast WHL
HKQ 410max −=  3.2 
his equation assumes that all discharge from the study area passes through the 14 coastal 
polyg t there is negligible vertical groundwater movement at the coast, and that the 
Ghyben-Herzberg Concept is a reasonably accurate predictor of the depth to the fresh water-
seawater interface in this part of the aquifer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T
ons, tha
 
 
 
 
 
 
 
 
Figure 3.8: Average estimated proportion of groundwater discharging to the rivers 
from July 1989 to November 1999. 
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: Average estimated proportion of river water recharging the aquifer from 
uly 1989 to November 1999. 
3.4.4 River interactions 
ater flow between the Don River / Euri Creek and the aquifer was calculated for 16 and 
9 river polygons respectively (Figures 3.8 and 3.9) for each 28-day period.  
In Equation 3.3 (after McDonald & Harbaugh, 1988:6-5) Darcy’s Law is applied to 
vertical tubes whose cross-section areas 
Figure 3.9
J
 
W
A  are the polygon areas. Hydraulic conductivity is the 
vertical hydraulic conductivity of the riv rbed sediments , tube length is the thickness of the 
riverbed sediments , and the change in hydraulic head is the difference between the river 
stage
e zK
rivL
 rivH  and the water table elevation H : 
A
L
HHKQ
riv
riv
zriver
−=  3.3 
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Th ydraulically connected to the aquifer throughout 
the s
le. Conversely the river loses to the aquifer when the river 
stage
 
 
 
 
 
 
 
 
igure 3.10: Estimated evapotranspiration losses from the groundwater for March 
000 calculated from 200m x 200m polygons. 
is equation assumes that the rivers are h
tudy area, and that horizontal flow between the aquifer and the river is negligible. 
A negative riverQ  represents groundwater discharging into the river; a positive riverQ  
represents river water recharging the aquifer. Groundwater discharges when the river stage is 
below the elevation of the water tab
 is above the water table elevation.  
Riverbed outlines were digitised from air photos; stream-bed thickness was estimated 
from published information (Water Resources Commission, 1988); water depths were assumed 
to be constant along the lengths, and across the widths, of the rivers and to correspond to the 
relevant gauging stations; and a constant value of 0.01 m/day was assumed for zK  based on 
knowledge of similar systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
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 3.4.5 Evapotranspiration 
vapotranspiration is a combination of evaporation from open bodies of water, 
evaporation from soil surfaces and transpiration from the soil by plants. As this study only 
considers the saturated zone, it approximates evapotranspiration as the losses extracted from 
groundwater storage by vegetation. 
 measured pan evaporation and is a function 
of soil type, land use and root extinction depth. The maximum evaporation rate  was taken 
to be 85 % of the measured pan evaporation rate. The mapped land uses and six root extinction 
depths (Table 3.1) were used for estimation of evapotranspiration. Root depths for loamy 
sedim 90 % of the listed values. For irrigated horticulture the maximum root 
depths vary from 0.01 % to 100 % of 2 m from January/February to December each year. 
Rivers were assigned an evapotranspiration of zero because river-aquifer interactions dominate 
their water balance. Other water bodies were assigned the maximum evapotranspiration. 
rom 
grou , as the product of  and the proportion of the 
root zone that is below the water table, which is calcu urface elevation 
 the
E
The rate of evapotranspiration is a portion of
maxE
ents are reduced to 
Equation 3.4 (after McDonald & Harbaugh, 1988:10-2) estimates evapotranspiration f
ndwater storage by vegetation, evapQ maxE
lated using the ground s
G ,  water table elevation H  and the root extinction depth . Evapotranspiration is 
assum
extD
ed to be zero when the root zone is entirely above the water table, i.e. when D < G – H. 
( )
ext
ext
evap D
HGDEQ −−= max  3.4 
Evapotranspiration was calculated for each 28-day period with the study area discretised 
into appro imx ately 5000 cells, each 200m x 200m (Figure 3.10). 
 
 
Ta ximum root extinction depths. ble 3.1: Estimated ma
Vegetation type Root extinction depth (m) 
Mangroves 2 
Irrigated horticulture 2 
2 
O
Cleared pasture 1 
Improved pasture 1.5 
Near-shore native vegetation 
ther native trees 5 
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Figure 3.11: Total bore water use and total rainfall in the study area for each 28-day 
period from July 1989 to May 1997. 
 
3.4.6 Lateral inflows 
Groundwater flows into the study area across four sections of the boundary (Section 3.4.1, 
Figure 3.1). The flow rate was calculated across 200 m edge length square boundary cells using 
Darcy’s Law. The hydraulic gradient is the change in hydraulic head H∆  along the length of 
the cell cellL ; the cross-section area is the product of cell width cellW  and the saturated aquifer 
thickness aquiferD : 
aquifercell
cell
hlateral DWL
HKQ ∆=  3.5 
3.4.7 Storage 
Aquifer storage is the volume of saturated medium between the water table and hydraulic 
basement (Figure 3.3) multiplied by the specific yield, which can be thought of as drainable 
porosity.  
Saturated aquifer volumes were calculated at 28-day intervals using time-varying 
hydraulic head surfaces and the hydraulic basement surface in the GIS. The specific yield was 
estimated as 0.06 during model calibration. 
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 3.4.8 Rainfall and irrigation deep drainage 
ainfall recharges the aquifer predominantly in the wet summer months. As most crops 
are planted at the end of the wet season, irrigation deep drainage contributes to recharge in the 
dry months. As detailed crop information was not available, rainfall and irrigation deep 
drainage recharge was calculated as a lumped parameter during calibration. 
3.4.9 Calibration 
lthough plant root extinction depths were modified slightly during calibration, specific 
yield and recharge were the only model inputs entirely determined during parameter estimation. 
Parameter values were adjusted manually during the calibration. 
voking the relation for change in storage (Equation 3.6) allows an estimate of recharge, 
Qrech ge, when the equations are re-arranged (Equation 3.7). 
3.6 
R
A
In
ar
OutflowsInflowsS −=∆  
lateralriverevapcoastboreerech QQQQQSQ −−+++∆=arg
Equation
 3.7 
 3.7 describes the water balance for each time period. Since recharge is by 
definition into the ground, and therefore positive, specific yield was modified to ensure that 
deep
3
ver is greatest in this reach and the riverbed area is greater than in other reaches 
 drainage recharge rates were not negative in any 28-day period. Specific yield was 
assumed to be uniform because it has a small range of possible values, usually 0.01 to 0.3 
(Freeze and Cherry, 1979:61), compared to, for example, hydraulic conductivity, which can 
vary over 13 orders of magnitude (Anderson and Woessner, 2002:69). The value for specific 
yield determined during calibration is 0.06. 
.5 Modelling results 
All water balance components show strong seasonal variations. Recharge from rivers and 
deep drainage increases with rainfall, with the response to early summer rains being 
proportionately greatest. Groundwater storage, discharge to rivers, coastal outflows and lateral 
inflows increase with rainfall and gradually decrease during the year. 
Figure 3.7 illustrates the average spatial distribution determined for groundwater 
discharge to the sea from July 1989 to March 2000, expressed as a percentage of the average 
total discharge. Submarine discharge is greatest from the western part of the coast. Figure 3.12 
compares the calculated time series of discharge to the sea with rainfall. Groundwater discharge 
to the sea increases sharply with each summer wet season then tapers off until the next summer. 
Figures 3.8 and 3.9 illustrate the spatial distribution determined for groundwater 
discharging into the streams and stream water recharging the aquifer respectively. 
Approximately 75 % of the total volume of groundwater that is lost to the streams discharges 
into a single reach of the Don River (Figure 3.8, blue reach). The height of the water table 
above the ri
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where the water table is higher than the river. Leakage from the streams into the aquifer is more 
evenly spread along the reaches. The largest volumes of stream water to recharge the aquifer 
are in the southern-most reaches of the streams where the height difference between the streams 
and the water table is greatest. 
 
igure 3.12: Estimated volume of groundwater flowing to the coast per 28-day 
period. 
3.13 shows the volume of groundwater discharging into the rivers increases with 
the summer rains then tapers off as water drains from the aquifer. River recharge increases 
during the first month after the start of the summer rains, as the rivers fill. As the water table 
rises the height difference between it and the river decreases, so the rate of recharge decreases. 
River recharge then increases again as the water table falls. 
igure 3.10 illustrates the spatial distribution determined for groundwater losses via 
evapotranspiration. The highest rates of evapotranspiration occur near the coast and adjacent to 
the rivers where the watertable is shallowest. Areas where the root zone is entirely above the 
water table are shown as having no evapotranspiration losses from groundwater storage. 
Figure 3.14 compares the calculated evapotranspiration losses with rainfall. 
Lateral groundwater flow into the study area is compared with rainfall in Figure 3.15. 
Later eks, 
then decreases until the next summer rains. Overlying these annual variations, the longer-term 
trend shows the volume of groundwater flowing into the model across the boundary increased 
with the 1991 floods, decreased to 1996, then increased to 2000. This mirrors the changes in 
storage (Figure 3.16) and is due to the accompanying changes in hydraulic gradient. The height 
of the water table near the coast is more stable over the long-term than it is further inland. The 
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northeast groundwater inflow boundary section (Figure 3.1) accounts for about 80 % of the 
latera  inflows. Compared to the other inflow boundary sections it has the highest Kh (up to 20 
m/da ), the highest saturated thickness (up to 20 m) and the highest hydraulic gradient (about 
0.003). 
 
igure 3.13: Estimated groundwater discharge into the rivers and recharge from the 
rivers for each 28-day period. 
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Figure 3.14: Estimated groundwater losses via evapotranspiration in the study area 
for each 28-day period from July 1989 to March 2000. 
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igure 3.16: Estimated groundwater storage in the study area for each 28-day 
eriod from July 1989 to March 2000. 
 
 
Figure 3.15: Estimated lateral groundwater inflows into the study area for each 28-
day period from July 1989 to March 2000. 
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 Groundwater storage (Figure 3.16) increases with the summer rains and continues to 
increase for about 4 weeks after the rains then steadily decreases until the next rains. Overlying 
these annual variations, the longer-term trend shows the volume of groundwater in storage was 
replenished by the 1991 floods but decreased until 1996. After 1996, coinciding with the end of 
flood irrigation (Section 3.1), groundwater use declined (Figure 3.11) and inflows exceeded 
outflows, resulting in the recovery of storage levels. Using the calibrated specific yield of 0.06 
(Section 3.4.9), the estimated groundwater storage was at a minimum of about 155 GL in 
October 1995 and a maximum of about 191 GL in February 1991. This specific yield lies 
within the 0.05 to 0.15 range estimated for the Lower Burdekin (Queensland Department of 
Natural Resources and Mines, 2001:18), which is a coastal area about 100 km north-west of 
Bowen. 
 rates calculated from the calibrated model (Figure 3.17) suggest that the 
December 1990 / January 1991 flood doubled the recharge for that wet season. The relationship 
betw fall 
events do contribute to groundwater recharge. The recharge rates estimated are about 20 % of 
the average annual rainfall. This compares with an estimate of about 35 % for the Lower 
Burdekin, of which about one quarter is artificial recharge through recharge pits (Queensland 
Department of Natural Resources and Mines, 2001:20).  
stimates of the water balance components for the period of simulation are tabulated in 
Appendix B; selected periods and the average values are listed in Table 3.2. The 12 January 
1991 period has the highest rainfall, 1 May 1993 is in the dry season prior to the mandated 
move from flood to trickle irrigation and has the greatest groundwater pumping, and 
11 November 1995 has the lowest water table. A time series plot of the water balance 
components except lateral inflow and groundwater storage, which are the smallest and largest 
components, is shown in Figure 3.18. The annual average water balance figures for July 1989 
to M  1997 are illustrated in Figure 3.19. 
he model results suggest that, on average: 
• Deep drainage from rainfall and irrigation is about 87 %, river leakage is about 
12 % and lateral groundwater inflow into the study area is less than 1 % of the 
recharge 
8 %, fresh water flow to 
the ocean is about 4 % and drainage into the rivers is about 2 % of the 
groundwater losses 
that 
flows out to the sea 
e of grou
that is removed by pumping 
The recharge
een calculated recharge and observed rainfall suggests that even relatively small rain
E
ay
T
• Evapotranspiration is about 66 %, water bores are about 2
• Groundwater pumping uses about 6 times the amount of fresh groundwater 
• Don River and Euri Creek contribute close to half of the volum ndwater 
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• About 7 times more river water replenishes the aquifer than groundwater is lost to 
 river 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Equation 3.6 for the period from July 1989 to 
igure 3.18: Time series of selected water balance components. 
the
 
Figure 3.17: Recharge calculated from
March 2000. 
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Table 3.2: Estimated water balance for selected periods of 28 days each. (Volumes 
re ML per 28-days) 
 
Component 12 Jan 1991 1 May 1993
 
11 Nov 1995 
Average 
Jul 1989 to 
May 1997
a
Inflows  
Recharge 11,861 2427 3287 3138
Rivers 339 395 644 435
Lateral flows 32 30 27 30
12,232 2852 3958 3603
  
Change in storage 8477 -1882 1741 -30
Total 
Outflows  
Rivers 78 54 28 59
Lateral flows 501 131 21 163
Water bores 478 2391 564 1004
Evapotranspiration 2698 2158 1604 2407
Total 3755 4734 2217 3633
  
 
3.6 Uncertainty 
T  associated with this ho retisation 
has not been quantified. There are no measured minu odelled residuals of groundwater levels 
with which to f the calibrat no measured variables are 
predicted b nce mpared to results from merical 
ground the Lower Burdekin aquifer in the Burdekin River delta (Queensland 
Depart sources and Mines, 2001:20 Table 3.3 lists the averag infall plus 
irrigation recharge, river recharge and coastal discharge for both models as a percentage of 
avera
easonable. 
 
he uncertainty  modelling met
s m
d and with the adopted disc
make an assessment o
y the model. The modelled water bala
ion because 
was co  a nu
water model of 
ment of Natural Re ). e ra
ge annual rainfall. The Burdekin River is perennial and larger than the Don River, 
irrigation is more developed on the Burdekin River delta than over the Bowen study area and 
there is a greater proportion of coastline bounding the Lower Burdekin model than there is 
bounding the Bowen model. Consequently, the larger amounts of recharge and discharge from 
these water balance components in the Lower Burdekin model are r
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 July 1989 to May 1997. 
n. There will be some error associated with this, but the 
likely
 
 
 
 
 
 
 
Figure 3.19: Estimated annual average water balance components (GL) for the 
period
 
Measured water levels drive the model. The monitoring bores are sufficiently spaced to 
allow a good interpolation of the water table surface except in part of the central east of the 
study area where the hydraulic gradient is very steep. More measurements in this area would 
give greater confidence to the interpolations. The 28-day time steps used by the model are the 
minimum that the data could sustai
 effect is that temporally local maxima and minima were not captured by the data. Shorter 
time steps would also have provided better resolution of the relationships between rainfall 
events and the individual water balance components. 
 
Table 3.3: Comparison of some water balance components from the Bowen and 
Lower Burdekin numerical models expressed as a percentage of average annual 
rainfall. 
Component Bowen model
%
Lower Burdekin model 
% 
Rainfall + irrigation recharge 22 26 
River recharge 3 8 
Coastal discharge 1 16 
 
 Comparisons between irrigation bore discharge rates and the other water balance 
components are of particular interest to water managers. Unfortunately these discharge records 
were incomplete. Plotting water use against rainfall highlighted some zero values when 
pumping would be expected to be high in the last full year of data. The pumping data also had 
the shortest time-series: no data were available beyond May 1997. 
 modelling outputs are quantitative, the water budgets are most reliably 
viewed as qualitative, they show where and when the individual components increase or 
decrease. Relative amounts, such as the ratio between the amount of river water that replenishes 
the aquifer and the amount of groundwater that is lost to the river, are likely to be more 
accurately determined than the individual values. 
he input parameters are considered to be plausible, being based on field measurements 
and knowledge of similar systems. It is not possible to validate the model against data not used 
in its construction because no data were withheld from the modelling and additional data were 
not available. 
3.7 Sensitivity analysis 
lts, indicating 
the e
lues, the total 
inflo
baseline calibrated model. For example, halving all root extinction depths reduces both total 
inflows and t
sponding to an estimate of its 
uncertainty. Hydraulic conductivity was changed by a large amount because it has a power 
Although the
T
The effect of changes in parameter values on the water balance was determined for 
weathered granite Kh, unmetered bore flow rates, riverbed thickness and Kz, specific yield and 
evapotranspiration parameters. With each sensitivity analysis of each parameter the remaining 
components of the model were recalculated, providing calibrated sensitivity resu
ffects of the model parameters on the calibration as well as on the simulated water balance 
amounts.  
A water balance with the line items listed in Table 3.2 was compiled after each model run. 
Although individual components changed significantly from their baseline va
ws and outflows changed little in most sensitivity runs. Figure 3.20 shows the effect of the 
parameter value changes on the total water balance inflows and outflows compared to the 
otal outflows by 28 %. 
Rather than testing the effect of changes to one water balance component on other 
individual components, the sensitivity analysis tests the implications of using different 
parameter values. For example, reducing root extinction depths reduces the evapotranspiration 
estimates (Equation 3.4). This in turn decreases the estimates of recharge (Equation 3.7). 
Because the model data are historical, the water table elevations are fixed, and so are the 
temporal volumes of groundwater in storage. In the sensitivity analyses total inflows and total 
outflows will increase together or decrease together because of Equation 3.6. 
Each parameter was changed by an amount corre
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 calculated 
on with grainsize (Freeze and Cherry, 1979:150), meaning that a small change in aquifer 
grainsize will have a large effect on both Kh and Kz. 
 
 
 
 
 
 
 
 
 
Figure 3.20: Mean changes in total flows for the sensitivity analyses. 
 
Changes to weathered granite Kh and riverbed thickness caused significant differen
ateral flows and river leakages respectively, but only small differences from the baseline 
model in the water balance totals. Changing unmetered bore flow rates also had little impact 
because stock and domestic bore water use is very much less than irrigation use. 
Although deep drainage recharge and the water balance for individual stress periods are 
sensitive to changes in specific yield, the average flows over all 28-day periods did not change 
significantly because the increases and decreases balance out. The calculated deep drainage
rge in some 28-day periods became negative with the higher specific yield. 
The water balance is sensitive to decreases in riverbed Kz. Field measurements of this 
parameter would reduce uncertainty in the river leakage water balance co
Evapotranspiration occurs over a large area and is the largest component of the water 
balance outflows. Varying the maximum rate from 85 % of the pan evaporation rate to 60 % 
and 100 % had a significant impact on the total flows. The root extinction depth matrix 
(Table 3.1) is the most sensitive parameter. Altering these depths for loamy soils from 90 % to 
70 % and 100 % had a small impact on the water balance. However, halving all root extinction 
depths decreased total average inflows and outflows by nearly 30 % and reduced the
 deep
e determination of plant root depths in the landuse 
zones would provide useful constraints on these parameters. 
Because the parameters were changed by amounts representative of their estimated 
uncertainties, this could be considered to be an uncertainty analysis. The results suggest that the 
biggest contributors to the uncertainty in the outputs are the root extinction depths, followed by 
the maximum evaporation rate and the riverbed vertical hydraulic conductivity, Kz. 
3.8 Discussion 
Horticultural produce from the Bowen irrigation area is economically important to the 
region but is dependent on sustainable use of the available groundwater for irrigation. The 
purpose of the modelling was to provide a sound basis for managing the Bowen groundwater 
sustainably through an improved understanding of the groundwater dynamics and a 
quantification of the groundwater components over space and time. 
A GIS is critical to the method, being used to spatially interpolate point data and to 
calculate aquifer volumes. The model consists of simple representations of physical fluxes 
calculated using applications of Darcy’s Law. The equations capture the important flows while 
simplifying the groundwater system. All model parameters are distributed except the storage 
coefficient and recharge from rainfall and irrigation flow-through, which are lumped 
parameters determined during calibration. All other water balance components were calculated 
independent of each other. 
The sensitivity analysis suggests that this water balance is relatively insensitive to all 
estimated parameters except those associated with evapotranspiration and the riverbed Kz. 
However, the iterative cycle of back-calculating recharge from the other parameters, converting 
it to a proportion of rainfall, comparing this with recharge rates from other studies, then re-
adjusting the evapotranspiration parameters provided bounds for the evapotranspiration. 
The model makes good use of the available data and provides a new understanding of the 
Bowen groundwater system. The model is used by the Queensland Department of Natural 
Resources and Water (DNRW), who were updating it with data from new bore holes (personal 
communication, Gary Jensen, DNRW, November 2005). A further sensitivity analysis could 
consider the influence of bore density or changes to the hydraulic head surfaces fed into the 
model, in order to assess the influence that additional bore data will have on the water balance. 
The spatial and temporal water balance estimates quantify the components of the 
conceptual model and provide groundwater managers with estimates of the quantitative effect 
of climate and the interactions between surface water and groundwater.  
 drainage recharge to 15 % of rainfall. Doubling root extinction depths increased total 
average inflows and outflows by nearly 50 % and increased the calculated deep drainage 
recharge to 34 % of rainfall. A more accurat
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 The model could be converted into a predictive numerical model. The data requiremen
method d MODFLOW, which is used for the water balance modelling
e similar. The GIS-based method is 
ts 
of this GIS-based  an  in 
the following two chapters, ar more time-efficient because 
calib
, as well as scenario predictions. 
Th el for 
the Gre
and for som
ration is simpler, but this method only generates water balances, and does not predict the 
outcome of specific water use scenarios. Water level surfaces, which MODFLOW generates, 
allow a comparison of modelled and measured data
e following chapter describes the construction of a steady state MODFLOW mod
at Artesian Basin. The model described is used to estimate the water balance for 1960 
e water management scenarios. 
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 Chapter 4: STEADY STATE MODEL: GREAT 
ARTESIAN BASIN 
This chapter presents a steady state numerical model of the Great Artesian Basin (GAB). 
The data requirements are similar to those for the GIS-based dynamic model in the previous 
chapter, but data gaps are less important because: 
1. being steady state, the model effectively operates in a single time period; and 
2. the model parameters are tied together by Equation 2.1 and the boundary 
nagement scenarios. 
 the model, and a sensitivity 
analy
urce of water in western Queensland and parts of regional New South 
Wales (NSW), South Australia (SA) and the Northern Territory (NT) (Figure 4.1). About 11 % 
of all Australian groundwater bores are in the GAB (Ghassemi et al., 1995:148). The 
groundwater contained in the aquifers is potable for stock, and in much of the area is under 
conditions. The hydraulic heads that the model produces can be compared with the 
observed heads, so the parameters are constrained to produce reasonable results in 
the calibrated model. 
The governing equation (Equation 2.1) that relates groundwater parameters to hydraulic 
heads, and its temporal variations, enables the model to be predictive. The steady state model is 
implemented using the MODFLOW platform. It produces water balances and hydraulic head 
surfaces for the groundwater system being modelled at the time when the system has reached 
equilibrium, that is, when inflows equal outflows. The length of time taken for this cannot be 
inferred, but the steady state conditions from different management scenarios can be compared. 
This chapter describes the study area and the available data. The hydrogeologic 
framework is then presented. The focus of the chapter is the modelling methodology. Model 
results, the sensitivity analysis and a discussion of uncertainty follow. Finally the model is used 
to predict water balances and hydraulic heads for some groundwater ma
Section 4.1 describes the study area. Section 4.2 describes the data used in the 
development of the model and its preparation. Section 4.3 presents a conceptual 
hydrogeological framework of the GAB. Section 4.4 discusses the modelling methodology. 
Section 4.5 presents the model results. Section 4.6 discusses model uncertainty. A sensitivity 
analysis from a hydrogeological perspective is presented in Section 4.7. Section 4.8 describes 
and discusses four bore rehabilitation scenarios implemented with
sis from the management perspective. Section 4.9 is a chapter discussion. 
Previous publications by the author describing this work (Welsh, 2000; Welsh and 
Doherty, 2005; Welsh, 2006a) contribute to the content of this chapter. 
4.1 Study area description 
The GAB is the most significant groundwater resource in Australia. It is a sedimentary 
Mesozoic basin that extends over about a fifth of the continent (more than 1.7 million km2) and 
is the most important so
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 sufficient pressure to provide a naturally flowing water source when tapped by bores. In 2000, 
GAB groundwater use by the pastoral industry was estimated to be 500 GL/year, which was 
about 80 % of the total use (GAB Consultative Council, 2000). However, many bores have 
been allowed to flow uncontrolled into open drains, wasting water and reducing groundwater 
pressures. The discharge rates of GAB springs (see Figure 4.2) have also declined due to over-
extraction of groundwater. In 2001 the native ecosystems dependent on GAB springs were 
listed as endangered under the Commonwealth Environment Protection and Biodiversity 
Conservation Act (1999).  
his is not a new problem. Diminishing flows and pressures were a concern as early as 
1891, just 4 years after the first artesian bore was drilled. Government control was introduced 
from 910 and State collaboration over groundwater management has occurred since 1912. 
Although pastoral bores licenced after 1954 in Queensland, the mid-1960s in NSW, and 1987 
in SA are required to be fully controlled and piped, there are still many uncontrolled bores 
(GAB Consultative Council, 1998a). Since the late 1980s, Commonwealth and State 
governments in partnership with landholders have funded bore rehabilitation projects that are 
reducing groundwater wastage and allow groundwater pressures to recover by capping free-
flowing bores and replacing earth drains with pipes. At June 2005, there were an estimated 
878 uncontrolled GAB bores and 16,784 km of bore drains remaining (Reeves and Breckwaldt, 
2006 re measurements record hydraulic head declines in the Cunnamulla area of up to 
about 100 m, of up to about 50 m around Julia Creek, and of up to about 30 m in the 
Coonamble Embayment (Figure 4.3) since the first bores were drilled.  
people live within the GAB boundary, and about half of these live in urban 
centres (GAB Consultative Council, 1998a:18). Most of the non-desert areas of the Basin are 
used for sheep and cattle grazing. More intensive forms of agriculture such as cotton, feedlot 
cattle, fruit, vegetable and cereal production are mostly confined to the south-eastern Basin 
margin where the number of groundwater-based irrigation systems is increasing. There are also 
petroleum and mining developments that use Basin groundwater. 
Most of the Basin south of the Gulf of Carpentaria is arid. Average annual air 
temp °C to 27.5 °C, with daily maximum temperatures sometimes 
exce all over the 
southwest of the Basin is less than 200 mm/year, increasing toward the coast, and reaching 
about 900 mm/year at the Gulf of Carpentaria. Over the groundwater recharge areas along the 
eastern  is 800 mm/year in the north decreasing to 400 
mm/
T
 1
:42). Bo
About 200,000 
eratures range from 17 
eding 50 °C in the central and western regions. The mean annual rainf
fringe of the basin (Figure 4.1) rainfall
year in the southwest of the Coonamble Embayment. Mean annual rainfall for the whole 
Basin is 375 mm/year. 
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Figure 4.1: Great Artesian Basin extent and locations mentioned in the text. 
 
4.1.1 Previous modelling 
The history of quantitative modelling of the GAB reflects an iterative approach 
commensurate with improvements in computing power, software developments, data quality 
and hydrodynamic understanding of the Basin. The purpose of each model was to provide an 
assessment of the groundwater resources and to predict the effects of water extraction for Basin 
management. Additionally the early models sought to predict free-flow bore discharge rates. 
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Figure 4.2: MODFLOW IBOUND array for the GAB steady state model and locations 
of water bores and natural springs included in the model. 
 
The first basin-wide groundwater simulation model of the GAB, named GABSIM, 
commenced development in 1971 (Ungemach, 1975). It combined the entire Triassic to 
Cretaceous sedimentary sequence into two alternating confining beds and aquifers. The Basin 
south of 20 °S was discretised into 58 x 67 cells, each 25 km x 25 km, and the model simulated 
the period from 1880 to 1970. Constant head cells were imposed along the southern, eastern 
and northern boundaries of the two deeper layers and a no-flow boundary was set along the 
 western edge. Constant heads were imposed along all boundary cells of the upper confining 
bed. The finite-difference software was written in-house. Calibration by the trial and error 
method was attempted only for the deeper aquifer and was not successful. 
The GABHYD model (Seidel, 1978) built on the experiences gained from the GABSIM 
model. It used the same hydrogeologic framework and spatial discretisation with 5-year stress 
periods. It was a quasi-3D model, incorporating the confining layers as leakage terms in the 
aquifer layers. The water table was fixed. Bores, still mostly free-flowing at that time, were 
simulated as artesian pressures acting on flow coefficients. Discharge springs were treated as 
local
which recorded the largest balance errors 
durin
consistent with the difficulties of obtaining reliable and repeatable pressure measurements from 
ical integrity and with variable discharge rate and shut-in 
lockwise, which 
reduced the number of inactive cells. 
cts (RUST PPK, 1994, Figure 4.1) 
located ou sed AQ EM-N  (Scie oftware Group, 2006) with 
triangular ement satio  aquifer was m  as a steady state, single 
ised high vertical leakages. The in-house finite-difference software was extended to 
include iterative inversion techniques that obtained progressively better estimates of 
transmissivity from aquifer potentials. Calibration was only attempted for the Jurassic aquifer 
from 1960 to 1970 and was successful. 
Problems with data quality and unevenness of data distribution were noted. There were 
also problems in the Eulo Ridge area (Figure 4.3), 
g calibration, yet was the most heavily developed area with abundant data. Seidel 
(1978:35) recommended further work on the study of the aquifer geometry and hydraulics in 
the Eulo Ridge area where ‘physically impossible’ potentials were observed. 
More recently, part-basin models have been developed to support water abstraction for 
commercial mining operations near the Basin margin. The first groundwater investigation, pre-
development report for the Olympic Dam operation was produced in 1982 (A.G.C., 1982, in 
Berry and Armstrong, 1995) and the first production bore was drilled in the same year. The 
1995 model of the Basin southeast of Lake Eyre (Berry and Armstrong, 1995, Figure 4.1) 
simulated transient conditions from pre-development, in 1983, to 1994. Berry and Armstrong 
noted significant problems with the 1970-1994 pressure head measurements (1995:8): 
No clear and general temporal trends can be identified in the pressure history data. This is 
pastoral bores of dubious mechan
period. 
The model represented the Basin using four layers: the top two were aquitards and the 
bottom two were aquifers. The deepest layer included the Cooper Basin and Proterozoic 
metasediments. Layers 1, 2 and 4 each had uniform parameters; layer 3, which included the 
Algebuckina Sandstone, used hydraulic conductivity variations implemented as constant-value 
zones. The MODFLOW grid, with a mesh of 68 x 85 cells and telescopic refinement reducing 
rectangular cell edge lengths from 20 km to 1.25 km, was rotated 20° antic
Modelling for the Cannington and Osborne prospe
 southeast of M nt Isa u UIF  code ntific S
finite-el  discreti n. The odelled
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 confi nted as constant-value zones. The model 
covered
steady state
A regi  the effects of 
dewater  
aquifer was nfined layer in MODFLOW. The edge length of 
cells in 
as initial co
The im B recharge beds near Moree in New South 
Wales w
each 2.5 km
recharge/dis
implemented as constant-value zones was used as initial conditions for transient prediction 
scenarios wit
These 
that is unco
models men
and free-flo c head in the aquifer was a good 
idea but increased the co
were simplified by
conditions. T
This suggests that, althoug
whole-of-basin GAB plex, and consistency of hydraulic head measurements 
may be an issue. The model described in this chapter builds on this work. It uses more data, 
exten
res with details held by multiple agencies are duplicated in the database: 494 bore 
dupli
ly salinity), ground elevation and measurement date.  
Queensland NSW SA NT Total 
ned layer with permeability variations impleme
 more than 100,000 km2 and comprised 2,032 elements defined by 1,042 nodes. The 
 calibration was used as initial conditions for transient prediction scenarios. 
onal, steady state pre-mining model was developed to investigate
ing the Ernest Henry mine east of Mount Isa (Woodward-Clyde, 1995, Figure 4.1). The 
 modelled as a single confined/unco
the 45 x 56 grid varied between 3 km and 25 km. The steady state calibration was used 
nditions for transient prediction scenarios. 
pacts of irrigation pumping from the GA
ere modelled by Hopkins (1996, Figure 4.1). Covering 5,400 km2 with 24 x 36 cells 
 x 2.5 km, the single confined/unconfined layer MODFLOW model included river 
charge. The steady state calibration using hydraulic conductivity variations 
h seasonally varying pumping rates. 
earlier models employed a consistent conceptual model of a main artesian aquifer 
nfined in the marginal recharge areas of the Basin. The documentation of some 
tioned significant problems with hydraulic head measurements. Allowing spring 
wing bore discharge rates to change with hydrauli
mplexity of the GABHYD model. All but one of the previous models 
 calibrating over a limited period or by developing the model for steady state 
he remaining model assumed uniform parameters for the less important layers. 
h the hydrogeology is conceptually simple, the development of a 
model may be com
ds over a larger area and uses a generally finer discretisation than the earlier models. 
4.2 Data 
A relational database was created and populated for the GAB groundwater modelling from 
existing State and Commonwealth databases. Table 4.1 lists the number of bores by State. 
Some bo
cates were identified. The bore details stored include location, depth, stratigraphy, 
pump/flow tests, hydraulic head, groundwater pressure, groundwater temperature, discharge 
rate, chemistry (principal
 
Table 4.1: Number of bores stored in the database. 
45,405 14,085 1,537 163 61,190 
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 There are problems with the data. In particular, 
1. In the absence of a network of dedicated monitoring bores water levels were 
obtained from production bores, so these measurements may be affected by 
drawdown, which will vary with discharge rate and transmissivity;  
2. The distribution of water bores, and hence data, is very uneven with large areas of 
the Basin having little or no data;  
3. Bore monitoring is very expensive in the GAB because the shut-in periods during 
pressure testing are long and the distance between bores is great, so most bores 
have a sparse history of measurements;  
4. Data measurement errors, or inconsistencies in ground elevation, water 
pressure/level and water temperature could be expected due to the remoteness, the 
high water temperatures and/or pressures, and/or the poor (eg. corroded) condition 
of many bores;  
5. Some bore locations have not been well documented, for example coordinates for a 
point near the centre of the paddock, many of which are more than 100 km2 in the 
GAB, that a bore is in, have sometimes been used when a more accurate location is 
not available (personal communication, Linda Foster, Queensland Department of 
Natural Resources and Water, March 2006); and  
6. Bore flow rate and water pressure/level measurements were undertaken to assess 
the availability of the resource, and not to provide information for groundwater 
modelling. Consequentially some measurements, such as maximum yield 
masquerading as flow rate, were not entirely suitable but were used because they 
were the best available.  
here is some published information on parameters required for the model. 
Transmissivity, hydraulic conductivity and storage coefficient estimates are available from 
published pump test results in Audibert (1976), Woodward-Clyde (1995), Berry and Armstrong 
(1995), Armstrong and Berry (1997) and RUST PPK (1994). The pump tests were mostly 
carried out where the aquifer is relatively shallow and include bores not fully penetrating the 
aquif
The GAB hydrogeological map (Habermehl and Lau, 1997) shows where the 
lithostratigraphic units outcrop or are estimated to sub-crop. This can be used to estimate the 
area rec
T
er. 
eiving recharge. 
Woods (1990) provides indirect estimates of GAB vertical leakage from measurements of 
water table leakage to the ground surface south of Lake Eyre, South Australia. 
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Figure 4.3: Sub-basins me structural features of the Great Artesian Basin, 
and location of cross-section A-B (Figure 4.5). 
As described in Section 4.3 the Basin aquifers and aquitards were assigned to different 
rm lying (Allaru 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
and so
 
4.2.1 GIS datasets 
layers, five of which are included in some way in the model. The top of the Cadna-owie 
Formation (Figure 4.4), which is the top of the modelled aquifer, has a strong seismic signal 
and its elevation was mapped prior to this modelling. Bore stratigraphic data were used to 
dete ine thicknesses for the modelled aquifer (Hooray Sandstone) and the over
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 Mudstone) and underlying (Westbourne Formation) aquitards. The aquifer and underly
aquit
thickest of the three layers, followed by the Hooray 
Sand
aulic head surface from the GABHYD model and measured transmissivities. The 
mode  area was divided into hydraulic gradient zones using five gradient classes, each class 
being a factor of two 
class were tabulated and a representative value chosen. Transmissivity values were assigned to 
the classes esentativ missi s a guid llowi o  
leakage by using a empirical multiplier of 1.8 ssi e to  
surface was divided by the thickness to give horizontal hydr nduct lues greater 
than o ed s  horizo l hydraul ducti as 
14 m ndic tha of lea  was gr  than lly 
estimated.  
To produce potentiometric su s th  reflect the directions of groundwater 
flow it was nece  to correct fie ater leve asurements for variations in temp re, 
which is the main factor affecting water density in the GAB. Salinity also affects density but 
wa fic  the quifer,  an aver ontrib  to 
field easurements determined as only about 2 metres. Fresh water hydraulic head for artesian 
bores
ing 
ard isopachs were generated from stratigraphic thicknesses in 2,413 and 1,209 bores 
respectively. Stratigraphic thicknesses from bore logs for the overlying aquitard were 
supplemented with ground surface to Cadna-owie Formation thicknesses where there were no 
overlying GAB formations. This set limits to the maximum aquitard thickness in these areas. 
The Allaru Mudstone sequence is the 
stone sequence and the Westbourne Formation. Their average thicknesses are 176 m, 73 m 
and 24 m respectively. The overlying aquitard is at its thickest in the north of SA (1030 m) 
while both the modelled aquifer and the underlying aquitard are thickest in the Queensland part 
of the Surat Basin (Figure 4.3, 824 m and 247 m respectively). 
Initial values of horizontal hydraulic conductivity for the model were derived by J. Kellett 
(Australian Geological Survey Organisation, personal communication, May 1998) using an 
1880 hydr
l
different from the adjacent class. The measured transmissivities in each 
 using the repr e trans vities a
. Transmi
e and a
vity values wer
aulic co
ng for s
then con
ivity. Va
me upward
ured. This
 4 m/day were increasingly m derat o the largest nta ic con vity w
/day. The need for this i ated t the effect kage eater initia
rface at accurately
ssary ld w l me eratu
s found to be much less signi ant in  modelled a  with age c ution
m
, fH , was calculated using Equation 4.1 (after Lusczynski, 1961).  
f
s
f
s
f CBAH ρ
ρ+ρ
ρ+=  4.1 
This equation extends Equation 3.1 to include artesian water. A , B  and C  are the 
elevation of the hole bottom above mean sea level (MSL), the depth of the bore hole and the 
height of the in-situ groundwater above ground respectively; sρ  and fρ  are the density of the 
groundwater and fresh water respectively. For artesian bores, pressure is more likely to be 
measured than water level above ground surface, so Equation 4.2, which converts artesian 
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 pressure to height above ground, can be substituted into Equation 4.1. A representative value 
for , the gravitational constant, over the GAB is 9.7896 m/s2 (Lide, 2000:14-9) g
sg
pressureC ρ=  4.2 
ydraulic heads were corrected to 25 °C using Equation 4.1. The maximum head change 
due to the applied density corrections in the CADN layer (Cadna-owie Formation, Figure 4.4) 
was 38 m and the average was 1.5 m, reflecting the higher concentration of bores drilled where 
the artesian aquifer is shallower. There were 22 bores with temperature corrections greater than 
5 m. Their average correction was 11.6 m. 
e intervals from one to 20 years were used to determine the best water level 
meas rement set to use. Where two or more measurements fell in the nominated time interval, 
they were interpolated to give a water level on the steady state date. The resulting datasets were 
comp e need for a good spread and density of points with the 
need for these to be spread over a short time interval. Table 4.2 summarises the data used to 
generate head surfaces for the modelled aquifer and the overlying and underlying conceptual 
aquifers. 
able 4.2: Summary of point data used to generate the hydraulic head surfaces. 
Layer (code) State Time 
interval 
No. of 
interpolated 
values 
No. of 
single 
values 
Total no. 
of points 
H
Various tim
u
ared. The final datasets balance th
 
T
Overlying aquifer (ALLA) All 1957-1963 7 337 344 
Modelled aquifer (CADN) Qld 1958-1962 15 269 284 
 NSW 1950-1970 0 17 17 
 SA 1956-1964 3 59 62 
 All    363 
Underlying aquifer (WEST) All 1956-1964 11 260 271 
 
Hydraulic head surfaces in the GIS were made from hand-contoured, temperature-
corrected water levels with additional constraints from the conceptual model in the absence of 
data points. Hand contouring was chosen over automated methods because it is better for 
expo ifer 
heterogeneity. The 5 km oothing. 
sing ill-fitting data points. These were due to data errors, the drawdown effect and aqu
 x 5 km model cell size determined the degree of surface sm
As the underlying aquifer is thin compared to the modelled aquifer, and data for it are 
sparse, the data for all underlying aquifers (Adori Sandstone, ADOR, Hutton and Precipice 
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 Sandstone, HUTT, and Clematis Sandstone, CLEM, which are defined in the following 
Section) were combined to give better data coverage.  
 
 
 
 
igure 4.4: Hydrostratigraphic sequence of the GAB highlighting the alternating 
quifers and aquitards (after Habermehl and Lau, 1997). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
a
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 Habermehl (1980) found that the generalised contour map of the regional water table had 
a ma ed resemblance to the topographic contour map. A study of the relationship between 
height of hydraulic head and ground elevation along the eastern recharge margin was 
undertaken to provide additional information where there were data deficiencies. The study 
gave the following regression relationship between ground surface elevation and observed 
hydraulic head where the aquifer is unconfined: 
rk
05.1
2.21−= ElevationHead  4.3 
nits are metres and both ground surface  and hydraulic  are relative to 
the Australian Height Datum (AHD). This is for pre-1960 data and for all GAB aquifers. The 
correlation coefficient for Equation 4.3 is 0.94 (n=254). The standard error for 1.05 is 0.016; 
the standard error for 21.2 is 5.7. 
he implication of this apparent relationship between hydraulic head and elevation is that 
depth to the water table increases with elevation. 
4.3 Hydrogeologic framework 
he GAB is comprised of the Mesozoic Eromanga, Surat and Carpentaria Basins 
(Figure 4.3). The Eromanga and Carpentaria Basins are structurally separated by the Euroka 
Arch, which forms a ridge of basement rocks. The Nebine Ridge similarly separates the 
Eromanga and Surat Basins. Sedimentation in the constituent basins was restricted during the 
early but later continental and subsequent marine deposition 
was more extensive and covered the bounding basement ridges to form sheet-like rock bodies 
that extend relatively unchanged for hundreds of kilometres (Radke et al., 2000).  
000 m below the ground surface in the central 
Eromanga depocentre, can be discretised into a multi-layered system of confined sandstone 
aquifers separated by mudstone and siltstone aquitards (Figure 4.4). It should be noted, 
however, that most aquifers contain minor interbedded siltstone and mudstone facies, and 
several aquitards contain minor aquifers of permeable sandstones and siltstones that are 
variably pervasive laterally and vertically (Radke et al., 2000). Appendix C lists the 
stratigraphic units assigned to each layer. The layer codes derive from the uppermost or 
predominant formation in each layer. This list was used to assign database measurements to the 
conceptual layers. 
ing 
is a description of each conceptual layer shown in Figure 4.4 and described in Appendix C, plus 
the o
Elevation HeadU
T
T
 Jurassic to the individual basins, 
The Basin, which extends down to about 3,
Figure 4.5 shows the main GAB aquifers in cross-section A-B (Figure 4.3). The follow
verlying post-Mesozoic sediments and the underlying layer that was assigned as hydraulic 
basement: 
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Figure 4.5: Cross-section through the GAB (after Radke et al., 2000). The modelled 
aquifer is shaded blue, other aquifers are shaded grey. 
 Fluviatile and aeolian Cainozoic sediments up to 150 m thick unconformably overlie the 
Mesozoic sediments of the GAB and contain sub-artesian aquifers that are locally important 
towa
rmation contain lenticular, confined, sub-artesian aquifers. The 
wate
ty, and is the thickest and main confining unit 
for th
ion aquifers. Significant aquitards within 
this 
n lithostratigraphic unit in this layer is the late Jurassic Westbourne 
Form
after the characteristically mauve-coloured Moolayember Formation, this 
layer consists of Triassic mudstones and siltstones that form some very thick sequences. 
LEM: The extent of this aquifer is limited to the eastern margin of the Basin and it is 
name he Clematis Sandstone. The lithology is Triassic continental quartzose sandstone. 
The aquifer is artesian; water quality and yields are good. 
ydrogeologic basement comprises older sedimentary, metamorphic and igneous rocks 
and is highly variable in character (Habermehl, 1980; Radke et al., 2000).  
rd the centre of the Basin, where the shallowest Cretaceous artesian aquifers are up to a 
kilometre below the surface.  
WINT: The continental (fluviatile and lacustrine) Winton Formation and the shallow 
marine to paralic Mackunda Fo
r quality is poor due to the high salinities and the yields are low to moderate. Lithologies 
are dominantly lithic sandstones, siltstones and mudstones. 
ALLA: This layer is essentially the aquitard component of the Rolling Downs Group 
minus the partial aquifers of the Winton, Mackunda and Normanton Formations. The aquitard 
sediments were deposited under predominantly marine conditions and are fine-grained. This 
layer has low to very low porosity and permeabili
e artesian aquifers.  
CADN: This layer includes the Hooray, Pilliga, Mooga, Algebuckina, De Souza, and 
Longsight Sandstones and the Gilbert River Format
layer are the Orallo Formation and the Minmi and Kingull Members of the Bungil 
Formation. Although the aquifers were generally deposited in a continental fluvial 
environment, throughout the Basin they comprise a stack of hydraulically interconnected 
hydrostratigraphic units that have differing depositional and compositional facies (Radke et al., 
2000). The combined units of this layer form the shallowest and most commonly exploited 
artesian aquifer sequence. The water quality and yields from bores tapping this layer are good.  
WEST: The mai
ation. Its fine-grained sediments were deposited in a predominantly lacustrine 
environment. These rocks have low porosity and permeability. 
ADOR: This is a continental quartzose sandstone layer. The main unit is the middle to late 
Jurassic Adori Sandstone. The aquifer is artesian; the water quality and yields are good. 
BIRK: This continental and marginal marine Jurassic sequence contains dominantly 
siltstones and mudstones and is named after the Birkhead Formation.  
HUTT: This layer of dominantly Jurassic continental sandstones is named after the Hutton 
Sandstone. The aquifer is artesian; water quality and yields are good.  
MOOL: Named 
C
d after t
H
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 4.3.1 Flow regime 
he Basin margin is elevated both geologically and topographically, most dominantly at 
the Great Dividing Range in the east (Figure 4.1), and at the Selwyn, Macdonnell, Musgrave, 
Flinders, Barrier and Warrumbungle Ranges (Figure 4.3) in the west and south. The Basin 
extends into the Gulf of Carpentaria in the north. 
drochemical studies demonstrate that the artesian groundwater is of 
meteoric origin, confirm that residence times increase inward from the Basin margin, and 
support the assumption that recharge has continued from geological to modern times (Airey et 
al., 1 79; Radke et al., 2000). 
 can be inferred that most recharge enters the aquifers through the elevated unconfined 
sandstones on the western slopes of the Great Dividing Range. Less water enters from the 
western ranges because there is less rainfall and the elevation is lower. Rainfall infiltration 
directly through exposed sandstones probably accounts for less recharge than leakage from 
rivers that flow over the sandstones and leakage through unconsolidated sediments or alluvial 
groundwater systems that overly the sandstones.  
As can be inferred from the temperature-corrected heads in Figure 4.6, groundwater flows 
from both the east and west of the Basin toward the southern basin margin. North of the Euroka 
Arch groundwater flows to the Gulf of Carpentaria.  
s the deeper aquifers generally outcrop higher on the ranges, and as ground temperature 
increases with depth, water pressure generally increases with depth down the drill holes. 
Consequently, diffuse vertical inter-aquifer leakage through the semi-confining mudstones and 
siltstones is generally upward from deeper to shallower aquifers. Most diffuse discharge to the 
ground surface from the artesian aquifers through the confining beds occurs in marginal areas 
where the confining beds are relatively thin, pressures are high, and water tables are shallow 
(Woods et al., 1990). 
atural discharge from the Basin to ground surface also occurs as localised outflow from 
sprin are 
gene iated with faults or structural features along which the groundwater flows 
upward, such as the abutment of aquifers against impervious bedrock. They also result from the 
interaction between local topography and aquifers in the recharge zone, or where artesian water 
brea l., 2000). 
 
 
T
Isotopic and hy
9
It
A
N
gs in the marginal areas of the Basin and over the basement highs. The springs 
rally assoc
ks through thin confining beds (Habermehl, 1982; Radke et a
Artificial discharge occurs from pumped and free-flowing bores, and petroleum and 
mining industry related extractions. A conceptual diagram of groundwater flow in the GAB is 
shown in Figure 4.7. 
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Figure 4.6: Observed and modelled hydraulic heads for 1960 temperature-corrected 
 25 °C. 
4.4 Modelling methodology 
ODFLOW, as the name implies, is modular in design. Hydrogeological components, 
such as aquifer geometry and hydraulic characteristics, and stresses such as discharge wells and 
recha les. 
Each module requires an input file in a predefined format. A graphical user interface for 
to
 
M
rge, are defined in independent packages. A main program co-ordinates the modu
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numeric  University, 1997) was used to produce these files. A 
GIS 
re 4.5). It is the shallowest and most 
explo
age is upward 
from
 
 
al modelling (Brigham Young
was used to generate grids of the input parameters with the same dimensions and extent as 
the model array. 
Because of the regional scale of the model it is assumed that the lithostratigraphic units 
(listed in Appendix C) are an adequate approximation of the hydrostratigraphic units. The 
modelled aquifer is the CADN conceptual layer (Figu
ited artesian aquifer sequence, so it is the layer with the most data and it is the most 
important aquifer for water management. Vertical flow from the underlying aquifer (ADOR) is 
impeded as it passes through the underlying aquitard (WEST), while vertical flow to the 
overlying aquifer (WINT) is impeded as it passes through the overlying aquitard (ALLA). 
Where the stratigraphic units defined as representing the WINT layer do not exist, the WINT 
layer is conceptualised as being the Cainozoic sediments. 
Conceptually, water enters the CADN layer as rainfall recharge through elevated 
sandstones, mainly along the eastern but also along the western and south-western margins, and 
as leakage from vertically adjacent aquifers. Water leaves the CADN layer as spring and bore 
discharge, and as leakage to vertically adjacent aquifers. Conceptually, net leak
 the ADOR layer into the CADN layer (Figure 4.5) in the deep central parts of the basin. 
Where the CADN layer is shallower, net leakage is conceptually upward out of the CADN 
layer into the WINT layer. Around the basin margin, where the CADN layer is overlain by the 
ALLA layer, leakage is conceptually downward from the water table, into the CADN layer. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Conceptual model of the GAB (source: GAB Consultative Council, 
1998b). 
 4.4.1 Discretisation 
The Basic package in the MODFLOW software co-ordinates the modelling process and 
stores fundamental parameters defining the model. These include model geometry (rows, 
columns, layers and active cells), the other MODFLOW modules to be used, the standard units 
for time and length, the starting head arrays and model output options. The package also 
allocates memory and defines the location of input data. 
he steady state date was chosen to be 30 June 1960 based on Habermehl’s (1980:15) 
graph showing that Basin inflows and outflows were in equilibrium between about the mid-
1950s and 1970. A conical, equal area geographic projection (Alber’s Projection with parallels 
at 21° and 29° South) was chosen to minimize projection errors. Cells over the Basin are 
5 km 5 km, giving a model grid with 359 rows and 369 columns and more than 60,000 active 
cells. The grid is aligned north-south and east-west to simplify data processing. Because the 
spread of water bores, and hence groundwater information, is very uneven over the basin 
(Figure 4.2) different grid cell sizes were not trialled. Rather the cell size and grid orientation 
are a compromise between allowing maximum spatial resolution of model inputs and outputs 
while minimising model complexity. Time and length units are days and metres. 
MODFLOW stores the boundary conditions as an IBOUND array. Each cell is either 
active/variable head (ibound > 0), constant head (ibound = -1) or inactive/no-flow (ibound = 0). 
Data on the western side of the Cape York Peninsula are sparse and there is very little use of 
the groundwater, whereas it is the dominant fresh water resource over the more arid parts of the 
Basin. Consequently, the north-eastern boundary of the model coincides with the Gilbert River, 
which lies along a groundwater flow line. Active cells extend about 20 km into the Gulf of 
Carpentaria, where they are terminated with a line of constant head cells. The remainder of the 
model boundary coincides with the extent of the CADN aquifer. The onshore model boundary 
is a no-flow boundary. The IBOUND array is shown in Figure 4.2. 
mall areas within the recharge zone where the aquifer was mapped as pinching out 
were included as active cells because it is thought that groundwater is transmitted through these 
unconsolidated sediments into the GAB. Also, the no-flow boundary was moved in to the 
location of the groundwater divide in areas near the outer edge of the hydrogeological boundary 
where the hydraulic gradient slopes away from the basin depocentre, toward the coast. 
4.4.2 Transmissivity 
he Block Centred Flow package contains the fundamental parameters defining cell-to-
cell flow and storage in the model and is the core of the MODFLOW software program. 
Groundwater flow is determined between the central nodes of adjacent cells: hence the term 
Bloc
modelled as a steady state confined system, only the transmissivity array is 
required for input and no storage parameters are required. Transmissivity is calculated as the 
T
 x 
Some s
T
k Centred Flow. 
As the GAB is 
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product y of the aquifer. Thickness 
value
 
 
 
 
 of the thickness and the horizontal hydraulic conductivit
s were assigned from the GIS dataset and were set to a minimum of three metres. 
Figure 4.8 shows the distribution of transmissivity values for the modelled aquifer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: CADN layer model transmissivity. 
 
 4.4.3 Water bore and spring discharge 
Bores that extract from or inject into the groundwater system are simulated using the 
MOD
ines extracted water from the artesian aquifers at that time. 
Figure 4.2 shows the distribution of water bores and natural springs included in the model. 
4.4.5 Vertical leakage 
Horizontal and vertical fluxes between active model cells and external sources or sinks are 
simu
4.4 
ce. If the assumption of 
unchang es invalid during a simulation, unrealistic flows may be 
generated. In 
FLOW Well package. The flow rates simulated with this Package are independent of cell 
area and pressure head. Flow values are incorporated into the governing finite-difference 
equation as source terms, where negative values indicate discharge and positive values indicate 
recharge. The package requires the model layer, column, row, and flow rate for each well.  
There are 2670 wells simulated, of which 2362 are water bores and 308 are natural springs 
or spring groups. Bore discharge rates were calculated by linearly interpolating between the 
two bore discharge measurements closest to and either side of 30 June 1960. Spring locations 
were taken from Habermehl (1982) and spring flow estimates were provided by M. A. 
Habermehl (personal communication, 1997). The contributions of water bores with individual 
flows of less than 0.1 m3/day were not included. There was no petroleum-related extraction 
from the GAB in 1960, and no m
4.4.4 Coastal outflow 
Coastal outflows are simulated via the constant head model cells in the Gulf of 
Carpentaria. MODFLOW calculates the flow required to pass through the cells to maintain 
their heads at their initial values, which is 0 m AHD. 
lated using the MODFLOW General Head Boundary (GHB) package. A linear 
relationship between flow and head is established by the following flow equation:  
( )activeexternal hhCQ −=  
Flow into the cell, Q, is the product of the conductance between the external source and 
the cell, C, and the difference between the heads of the external source, externalh , and the active 
cell, activeh . The external head is fixed for the duration of each model time period in each GHB 
cell, so the corollary to this equation is that there is no limiting value for flow, and Q will 
indefinitely increase proportionate with increases in the head differen
ing external conditions becom
the steady state GAB model the GHB package is used to simulate vertical leakage 
between aquifers separated by aquitards. 
Input to the GHB package requires the layer, column and row of the active model cell, the 
head of the external source and the hydraulic conductance of the interface between the active 
cell and external source. The head parameter was assigned from the dataset generated for the 
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 potentiometric surface of the relevant layer. The conductance between the external source and 
an active cell was calculated (after McDonald and Harbaugh, 1988) as:  
L
yKxC z∆∆=  4.5 
Th ande cell edge lengths, x∆   y∆ , are both 5 km throughout the model,  is the 
verti
 net vertical leakage to or from each 
active c
the paramet  was modified during calibration. The spatial variation of vertical hydraulic 
conductivity
smoothly ov
The he
modelled aq
head of the as chosen empirically, with the assumption 
that lea e here CADN is shallower and from 
the underly
aquifer are m
Areally
the groundw Recharge package. The recharge 
flow rat l 
cell area. 
The ar
and is not o
measuremen ation. To ensure 
the p mined as a percentage of a 
spatially tion. 
4.4
The M
cell centre o
below and 
zK
cal hydraulic conductivity of the intervening aquitard, and L is the thickness of this 
aquitard. Values for zK  and L were assigned from the GIS datasets. Aquitard thickness was 
not permitted to fall below three metres anywhere over the model area. 
Although the conceptual model has vertical inter-aquifer leakage as both a source and a 
sink to the modelled aquifer, the GHB package only allows leakage through one side of an 
active cell. Consequently the GHB parameters reflect the
ell. As there were very few measurements of vertical hydraulic conductivity, it is one of 
ers that
 for the two aquitards was restricted to the extent that the parameter surfaces varied 
er the 5 km cells.  
ad of the external source is taken to be that of the overlying aquifer where the 
uifer is not more than 500 m below ground surface; otherwise it is taken to be the 
underlying aquifer. The 500 m limit w
kag  is dominantly to/from the overlying aquifer w
ing aquifer where CADN is deeper. Deep areas of the basin with no underlying 
odelled as having no vertical leakage. 
4.4.6 Recharge 
 distributed recharge, most commonly occurring as precipitation that percolates to 
ater system, is simulated using the MODFLOW 
e applied to the model is the input recharge rate per unit area multiplied by the mode
eal extent of recharge is defined as the area where the CADN aquifer is sub-artesian 
verlain by the ALLA aquitard (Figure 4.9). As there were no available recharge 
ts, the recharge rate was determined inversely during model calibr
arameter values were reasonable the recharge flux was deter
-varying mean annual rainfall surface with a 5 km resolu
.7 Matrix solver 
ODFLOW finite-difference equation for each model cell expresses the head at the 
n the basis of the heads in the six adjacent cells, i.e. the rectangular cells above, 
on the four sides. This requires that the equations for the entire grid be solved 
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 simultaneou
achieve this
maximum 
precondition tion parameter set at 1 and the ‘same 
decompositi
0.01 m, so 
residual from
4.4
The ai
reasonable orporated 
qualitative information, such as the conceptual position of the CADN heads relative to the 
heads of the overly fers. Calibration involved trial and error 
manipulatio
observed he egies: 
1. odification of the horizontal hydraulic conductivity array to increase or red
 
This allows exc c ates an impediment to allow water levels to 
build up. The modelled head contours were used to determine areas where flow 
draulic conducti
2. 
echarg
Spring and bore flows were not adjusted. 
3. the model boundary.  
4. 
 adding 
Some other calibration methods were found t
1. 
r least-squares 
sly. The Preconditioned Conjugate-Gradient 2 solver (Hill, 1990) was used to 
 by iteration. The maximum number of inner iterations was set at 50, and the 
number of outer iterations at 10. The Modified Incomplete Cholesky matrix 
ing method was chosen with the accelera
on for multiple calls’ set at 0. The head change and residual criteria were set as 
that the iterations stop when the maximum absolute values of head change and 
 all cells are less than or equal to 1 cm.  
.8 Calibration 
m of the calibration was to match predicted heads with field measurements within 
error limits. The observed heads were converted to a surface that inc
ing and underlying aqui
n of the aquifer parameter arrays to reduce the difference between modelled and 
ad surfaces. This included several strat
M uce 
flow. 
ess water to drain, or re
was directed into or out of poorly calibrated regions of the model. Similarly, 
vertical groundwater movement could be constrained or enhanced by modifying 
vertical hy vity values. 
Changes to the groundwater system stresses.  
The distribution of the percentage of rainfall entering as r e was adjusted. 
Alteration of 
Small areas where Basin sediments are absent were included in the model where it 
appeared that groundwater flow was continuous.  
Improvements to the definition of layer thicknesses and hydraulic head surfaces.  
These hand-contoured surfaces were constrained by the available data points. 
Contour plots were converted to gridded surfaces by converting the contour lines to 
points, then triangulating the points. Surface definition was improved by
intermediate contours to provide more points for the triangulation. 
o be less useful: 
Model-Independent Parameter Estimation (PEST)  
PEST is a model-independent parameter optimiser (Doherty et al., 1994; Doherty, 
1995) that uses the Gauss-Marquardt-Levenberg non-linea
   63
 estimation technique. It adapts to an existing model and does not require a separate 
ne.  
e spatial variation in the study area. PEST has since 
2. 
DFLOW computer code 
statement of the modelling problem because it runs MODFLOW. For a 
MODFLOW model, the calibration area is divided into zones (group of cells) with 
one optimised value being determined by PEST for each zone. The area is 
calibrated to spatially-located point values mirroring the traditional technique of 
calibrating to a group of bore measurements. The run specification includes the 
range of acceptable values for each zo
PEST was used in optimising transmissivity. The optimised transmissivity values 
produced lower head residuals, but these optimised values tended to lie at the 
extremities of the specified transmissivity ranges, and zones with high optimised 
values were adjacent to zones with low optimised values. This indicated that the 
zones were too large for th
been enhanced to allow optimised parameter values to change smoothly over a 
model grid (Doherty, 2003). This is discussed further in the next chapter. 
Inverse modelling calculations 
Equation 4.6 is the flow equation extracted from the MO
for this steady state model.  
( ) ( ) ( ) ( )
( )jiextjijirjiwji
jijijijijijijijijijijiji
hhCyWxW
hhrhhrhhdhh ,1,,,1,1,,,1,,,1,1
−−∆∆−−
−d
,,,,,=
+−+−+− +−−+−−
 4.6 
here w
jiji
jiji
ji TT
TT
,,1
,,1
,
2
+= +
+             and               d
jiji
jiji
ji TT
TT
r
,1,
,1,
,
2
+= +
+  
Transmissivity, T, is calculated for the downward direction, d, and the right-left 
direction, r, and these are multiplied by the head differences in the relevant active 
cells, e.g. jiji hh ,,1 −− . The well flows, , and the product of recharge, , and  wjiW , rjiW ,
the cell dimensions, yx∆∆ ,are not head dependent. As in Equation 4.4, GHB flows 
calculated parameter set, which is then converted back to a GIS grid. This method 
was used successfully early in the calibration to estimate recharge.  
are calculated from the conductance, jiC , , the external head, 
ext
jih , , and the head in 
the active cell, jih , . 
Given the observed steady state aquifer heads, external GHB heads, and estimates 
of transmissivity, solving for well flows, or more usefully recharge or conductance, 
is straightforward from Equation 4.6. A computer program can be written that 
reads ASCII versions of the GIS grids and outputs an ASCII version of the 
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 Converting the inverse problem, which sought model parameter values that 
replicated observed heads, to a forward problem, that uses the observed heads in 
the calculation of the unknown parameter values, gave very accurate answers for 
individual parameter sets. However, to be useful for parameter optimisation when 
more than one parameter requires adjustment, the program would need to be run 
iteratively, effectively replicating the manual calibration process.  
3. General Algebraic Modeling System (GAMS)  
GAMS is used to construct and solve large and complex mathematical 
programming models (Brook et al., 1996). It is a complete high-level language 
with solvers and a reference library of existing models written in GAMS. In the 
GAMS program the model size, parameters, variables and equations are defined, 
then the known parameter values and bounds, and initial values and/or scaling to 
be applied to the variables are input.  
Because the GAB matrix is so large, the Conopt2 solver was chosen. This solver 
uses a non-linear programming algorithm and has a pre-processing step in which 
recursive equations and variables are progressively solved and removed from the 
model. It is best-suited to sparse models, where most functions only depend on a 
small number of variables.  
Computer programs were written to translate the model data files into a GAMS 
format. All output from GAMS, including diagnostic information, is written to a 
single file. Another computer program was written to extract the solution and 
convert it to a format suitable for importing into the GIS.  
Equation 4.6 was entered into GAMS and one parameter set per run was selected 
for optimisation. Then the optimised parameter sets from the output were placed in 
the model and MODFLOW was run. The modelled heads were then compared to 
the observed heads to assess the improvement in the calibration. Recharge and 
conductance parameter sets optimised with GAMS were accurate, but the 
transmissivity parameter sets were not optimal solutions. Better calibrations could 
 of the transmissivity array. 
ting heads were the temperature corrected observed heads. This 
allowed the calibration error to be determined directly as the difference between the original 
observed heads and the fin
orth of the Eulo and Nebine Ridges (Figure 4.3). Using the 
be achieved with manual adjustment
During calibration, the star
al modelled heads. 
4.5 Modelling results 
The transmissivity distribution determined from the calibration is shown in Figure 4.8. 
The average transmissivity over all cells is 897 m2/day, and the maximum transmissivity is 
10,033 m2/day, which occurs n
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ge thickness of 73 m gives an average horizontal hydraulic conductivity of about 12 m/d. 
Hydraulic conductivity, and hence transmissivity, is subject to scale effects (Schulze-Makuch 
and Cherkauer, 1998; Rovey, 1998), so some higher values would be expected in a basin-scale 
model than would be measured from individual bore measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: CADN layer model recharge. 
 
 The net vertical leakage distribution is shown in Figure 4.10. The maximum inward 
leakage of 75 mm/year occurs south-east of Augathella, adjacent to the recharge zone where 
recharge is greatest. The maximum outward leakage of 88 mm/year occurs near Tibooburra in 
the vicinity of outcropping basement. However, the average net leakage is 465 GL/year or 
about 1.2 mm/year into the model over 15,542 cells and 626 GL/year or about 0.9 mm/year out 
of the model over 27,036 cells. 
he recharge distribution is shown in Figure 4.9. As a percentage of mean annual rainfall, 
model recharge averages 1.3 % and varies between 0 % and 35 %. All values greater than 14 % 
occur near Augathella, indicating either aquifer heterogeneity or incorrect observed heads 
basinward along the groundwater flow lines. The maximum recharge rate is 204 mm/year, but 
the average over all recharge cells is 5.4 mm/year. The area of the model receiving recharge is 
about 134,000 km2, which is 8.7 % of the total model area. The total recharge (708 GL/year) is 
within the GAB Consultative Council (1998a:118) estimate of 1 % to 2 % of rainfall over the 
recharge area. 
modelled water discharge from bores and springs of 535,447 ML/year is close to the 
estim raction for all uses basinwide of 569,000 (GAB Consultative Council, 1998a:101). 
he modelled and observed hydraulic heads are very similar (Figure 4.6). The main 
difference is in the detail: the modelled heads form a smoother surface than the observed heads. 
he water balance for the calibrated model is summarised in Table 4.3. Inflows balance 
outflows exactly. Recharge from the basin margin is the single largest (60.3 %) source for the 
grou system. Vertical leakage also accounts for large inflows (39.7 %) and outflows 
(53.4 ), and more groundwater is lost through vertical leakage than from all other sinks 
comb  removed and added to the system by vertical leakage at a ratio of 4:3. 
Groundwater flow to the Gulf of Carpentaria is 1 % of the total outflows in the model. This 
flow is 100 times the modelled rate of seawater intrusion. The small rate of seawater intrusion 
suggested by the model is not supported by salinity observations and may be within the errors 
of the model. The modelled seawater intrusion could probably be eliminated by reducing 
vertical leakage along the western basin margin north of the Euroka Arch (Figure 4.3).  
4.6 Uncertainty 
ate 
the calibration. The magnitude of these residuals should be assessed in the context of 
meas s 
the mo hich is 587 m D).  
Although the precision of water level, w rature  ground surface elevation 
measurements in the database is good, being typically 0.1 m, 1 °C and 1 m respectively, other 
data errors increase the uncertainty in the observed hy lic h These include the effect of 
poor physical condition of bore headworks and bore casing, inconsistent measurement methods 
T
The 
ated ext
T
T
ndwater 
%
ined. Water is
Modelled minus observed hydraulic head residuals can be used as a first step to evalu
urement errors, which are discussed in Section 4.2, and the range of observed heads acros
del domain, w  (i.e. -38 m to 549 m AH
ater tempe and
drau eads. 
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across the Ba e, uncertainty in n being tapped, 
inaccuracies in ground surface elevations, and difficulties in obtaining measurements from high 
pressure and temperatu . Errors in observed  are ated to range from 1 m to 
many metres. As the most inaccurate measurements were filtered out during model 
developm the final set of observed heads are estimated to be about 3 metres. 
 
 
 
 
 
 
igure 4.10: Net model vertical leakage into and out of the CADN layer, and the 
oundary separating dominantly inward leakage from dominantly outward leakage. 
sin and through tim  the stratigraphic horizo
re bores  heads  estim
ent, the errors in 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
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 Table 4.3: Modelled 30 June 1960 water balance for the GAB.  
Component 30 June 1960 flow rate 
(GL/year) %
Inflows 
Recharge 708 60.3
Vertical leakage 465 39.7
Sea water 0.15 0.01
TOTAL 1,173 100.0
Outflows 
Vertical leakage 626 53.4
Water bores 501 42.7
Coastal discharge 12 1.0
Springs 34 2.9
TOTAL 1,173 100.0
Balance 0
 
The performance of the calibrated model was assessed across all active model cells, which 
is an approach also used by Ghassemi et al. (1989:389). A cumulative plot of the magnitude of 
the h
he range of observed heads), and they are evenly distributed over 
the m
ibration statistics suggest the model is well-calibrated, there could still be 
considerable uncertainty in the model results. In particular, the steady state assumption forces 
inflows and outflows to balance. If water levels were still falling on 30 June 1960 recharge will 
be overestimated. It might have been better to calibrate the model with pre-development 
stresses, but this was not possible because there are insufficient pre-development hydraulic 
head easurements for calibration. 
 by which vertical leakage is implemented is somewhat 
unrealistic. The WINT and ADOR aquifer heads are fixed and are not able to respond to 
changing hydraulic conditions. Additionally, the 500 m depth limit that divides the model cells 
ydraulic head residual error (Figure 4.11) shows that 90 % of model cells have modelled 
heads within 7 m of observed heads. This is about 1 % of the range of the observed heads. The 
residuals in about half the model cells are less than 3 m. The residuals range from -13.1 m to 
12.8 m (i.e. about ±2 % of t
odel area (Figure 4.12), with the larger residuals tending to overlie areas with few 
observed heads. The RMS error over all model cells is 4.5 m; the Scaled RMS (SRMS) error is 
0.82 %. This is well within the guideline SRMS error of 5 % (Murray-Darling Basin 
Commission, 2000:45).  
Although the cal
m
The head-dependent mechanism
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into those interacting with the WINT aquifer and those interacting with the ADOR aquifer 
could be forcing water to flow into the model when it should be flowing out and vice versa. If 
the m odified the depth limit should be re-assessed. 
igure 4.11: Cumulative plot of the magnitude of the hydraulic head residual error. 
ven the best water bore flow rates in the database may be inappropriate because the 
mode rovided measurements at 
discrete points in time. Also, the flow rates from springs and uncontrolled water bores do not 
vary n the model, as they would in reality. The model could be improved 
by im
head complexity, drives the 
model recharge rate. 
 
 
odel were to be m
 
 
 
 
 
 
 
F
 
E
l requires average actual discharge rate, while bore monitoring p
 with hydraulic head i
plementing these uncontrolled discharges as head-dependent flows. 
Matching hydraulic heads does not imply matching flows. Water balance components are 
compared with independent estimates of the components in Section 4.5. However, at the time 
of this modelling there were no measurements of recharge or vertical leakage to constrain these 
water balance components. 
This is a regional model and the 5 km x 5 km model cells in the Eulo/Nebine Ridge 
(Figure 4.3) area seem too large to capture the natural variability in the hydraulic head and 
model parameters. However, this is unlikely to be the reason for the higher recharge rates near 
Augathella (Figure 4.1) because the head elevation, rather than the 
    71
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12: Hydraulic head residual error over the model area. 
 addition to the modelled vertical flow there may be some temperature-driven 
convective groundwater motion. Pestov (1999) investigated the probability of thermal 
conv ine 
grou ning aquitard, Pestov 
(1999) delineated potentially convective regions in the Surat and Eromanga Basins. ‘However, 
the assumptions of thick isotropic aquifers and isosalinity are not fully supported by 
groundwater hydrochemistry and observed aquifer characteristics’ (Radke et al., 2000:53). 
 
In
ection in the GAB. Assuming thick and uniformly permeable aquifers, an isosal
ndwater column and significant permeability windows in the confi
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Radke et al. further note that geothermal gradients may have enhanced upward leakage within 
the CADN layer in South Australia, but are not substantiated by their data, and that, if existing 
salinity gradients are considered, convection is not feasible. 
inally, there will be multiple parameter value combinations that could provide equivalent 
calibration statistics. The chosen parameter sets will affect the model results when water 
management scenarios are run. 
4.7 Sensitivity analysis 
 sensitivity analysis was undertaken to gain some understanding of the degree of 
uncertainty in the calibrated model due to the inherent uncertainties in the estimation of some 
model parameters. The model horizontal hydraulic conductivity, recharge and vertical 
hydraulic conductivity arrays were systematically altered and the variation in model output was 
noted. 
ges 
were  factor. The 
perturbation factor is the number used to multiply the relevant array during the sensitivity 
analy
and to vertical hydraulic conductivity of the ALLA and WEST layers. 
F
A
Two methods of expressing the sensitivity of model output to systematic input chan
 used. Figure 4.13 plots the variation of the RMS error against the perturbation
sis, and was varied from 0.1 to 10.0. The greater the departure from the calibrated RMS 
error of 4.5, the greater the sensitivity of the model to that parameter. 
Figure 4.14 uses the mean modelled head as an evaluation statistic. This gives added 
information about the direction of change in mean heads with changes in the model parameter. 
 
 
 
 
 
 
 
 
 
 
Figure 4.13: A comparison of model output using the RMS error to evaluate 
sensitivity to changes in CADN layer horizontal hydraulic conductivity and recharge, 
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y impedes water movement. The greatest head changes that result from adjusting 
this 
the water that accumulates along the narrow recharge zones when Kh 
is de
pected, the effect of altering recharge decreases with distance 
from
heads are least sensitive is vertical hydraulic 
conductivity (Kz). Increasing Kz increases the vertical leakage, allowing more water into the 
CADN layer in the centre of the Basin and in small areas around the margin where inflow is 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.14: A comparison of model output using the mean modelled hydraulic head 
to evaluate sensitivity to changes in CADN layer horizontal hydraulic conductivity and 
recharge, and to vertical hydraulic conductivity of the ALLA and WEST layers. 
 
The parameter to which the modelled heads are most sensitive is the horizontal hydraulic 
conductivity (Kh). Increasing Kh allows more water to move through the system, and decreasing 
it effectivel
parameter occur in the recharge zones around the Basin margin. Heads around 
Coonabarabran (Figure 4.1) are the most sensitive to changes in Kh, increasing by up to 73 m 
with a Kh multiplier of 0.8, and decreasing by up to 48 m with a Kh multiplier of 1.2.  
The RMS error and the mean modelled head change more with increases in Kh than with 
decreases in Kh because 
creased can be removed by the adjacent GHB cells, whose external heads are fixed. Water 
moving faster through the system due to increasing Kh accumulates in the south and central 
parts of the basin where there are fewer GHB cells to remove water from the system. 
The area around Coonabarabran is also the most sensitive to changes in recharge. Heads in 
this area increase by up to 66 m with a recharge multiplier of 1.2 and decrease by up to 66 m 
with a multiplier of 0.8. As ex
 the recharge zones. In the centre of the Eromanga Basin (Figure 4.3), even for calibration 
factors of 10 and 0.1 the head change is less than 1 m. 
The parameter to which the modelled 
 from the 
magnitude depending on the head difference. With a Kz calibration factor of 0.1 the greatest 
head in   Em r te  
a small area southeast of Marree (Figu rger d hea e central 
Eroma Basin. A ation factor o  gives a maxi  head change m, while a 
calibra factor o maximum h  change of 6 m
These sensitiv  suggest tha sting Kz during calibration is of little benefit, 
and, aw  the only Kh ameter adjustm s have a signif  impact.  
4.8 Model plicatio  
our bore rehabilitation scenarios were run to predict water balances and the restoration of 
groundwater pressures from different management scenarios. As Section 4.6 describes, there is 
some ncertainty in these results, but this has not been quantified. 
In Scenario 1, water bore flow rates in fi management zones 
were restricted to a maximum of 4 L/s, with a separate model run for each management zone. A 
f s con  b r l ter rom l,  
stock and domestic water bore. The a nt of wa aved, maximum predicted water level 
recoveries and numbers of bores affected for each scenario are summarised in Table 4.4. The 
locatio anagement zones, which were determined by tate age  respon  
for man GAB, own in re 4.15 and the model ead reco s are shown 
in Figure e scenario water budgets are compared to the modelled 1960 water budget in 
Table 4.5.  
Of the five scenarios, Table 4.4 shows that the Eastern Downs zone has the greatest 
potential water saving per
the Warrego zone, with the highest transmissivity, has the lowest head recovery per amount of 
water sa e the lo ransmis  Barcald zone has reatest h ecover  
amount of water saved.  
io runs, recharge and spring flow  were he stant an nges in
shore gr r interac s with th ulf of Ca taria wer gligible. aintain
steady s ition, i hich infl  equal outflows, the el comp ted for
reduct  flows by increasing the ratio of vertical leakage out : vertical leakage in as 
the bore flows decreas  magnitude of the c ed ver kage ly increased 
as the flow savings increased. 
vel recovery results from these simulations are additive. That is, reducing 
bore flow rates in two or more zones at the same time will produce a water level recovery that 
is the sum of the recoveries from those zones. 
 the water table. This also enables more water to escape from the CADN layer, 
crease is in the Coonamble bayment (Figu
re 4.1). A la
e 4.3) and the grea
 area of reduce
st decrease occurs in
ds is in th
nga  Kz calibr f 1.2 mum  of 4 
tion f 0.8 gives a ead . 
ity results t adju
ay from  recharge areas,  par ent icant
ap ns
F
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ns of the m the S ncies sible
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 4.16. Th
are sh Figu led h verie
 rehabilitated bore and the Flinders zone has the least. As expected, 
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Table 4.4: Summary of Scenario 1 water savings and maximum water level 
coveries. 
Scenario Management 
zone 
Water saved 
(GL/year) 
Maximum head 
recovery (m) 
No. of bores 
affected 
re
1a Flinders 19 12 111 
1b Barcaldine 8 11 42 
1c Warrego 121 36 310 
1d Eastern Downs 68 27 137 
1e Coonamble 37 18 153 
 
 
 
T
m
able 4.5: Scenario 1 steady state water balance results compared with the 1960 
odel.  
Water balance (GL/year)  
Component 30 June 
1960 
Scenario 
1a
Scenario 
1b
Scenario 
1c
Scenario 
1d 
Scenario 
1e
Inflows   
Recharge 708 708 708 708 708 708
Vertical 
leakage 
465 460 461 418 447 461
Sea water 0.15 0.15 0.15 0.15 0.15 0.15
TOTAL 1,173 1,168 1,169 1,126 1,155 1,169
Outflows   
Vertical 
leakage 
626 641 630 701 676 659
Water bores 501 482 493 380 433 464
Springs 34 34 34 34 34 34
Coastal 
discharge 
12 11 12 11 12 12
9
Bala 0
TOTAL 1,173 1,168 1,169 1,126 1,155 1,16
nce 0 0 0 0 0 
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Figure 4.15: Great Artesian Basin groundwater management zones (personal 
communication, Linda Foster, GAB Technical Working Group, February 2000). 
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gure 4.16: Modelled st state wa vel r y f cen a to
Water bore flows are restricted to a maximum of 4 L/s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi eady ter le ecover rom S arios 1  1e. 
 Sce
hese 
param
Table 4.6: Calibration RMS errors for the model datasets used in the sensitivity 
nario 1 sensitivities 
An analysis was run on Scenarios 1a to 1e to determine the sensitivity of the predicted 
head recoveries and water balances to changes in recharge, Kh and Kz. Multiplying t
eters by 1.2 and 0.8 degraded the calibration as reflected in the RMS errors listed in 
Table 4.6.  
 
analysis. 
Perturbation factor 0.8 1.0 (no change) 1.2 
Recharge 5.9 4.5 6.1 
Kh 6.8 4.5 5.8 
Kz 4.8 4.5 4.5 
 
All sensitivity scenarios produced hydraulic head anomalies around the basin margin. 
Increasing recharge or decreasing Kh resulted in rising water levels in the recharge areas as the 
impedance to flow and the recharge rate were out of balance, and vice versa for decreasing 
recharge or increasing Kh. The edge effects from altering Kz occurred where there is little or no 
recha
The change in head recovery at the location of maximum head recovery for each 
sensitivity run is listed in Table 4.7. T  is adjacent to a 
l  area, n ange recharge this zo e wat vel 
recovery changed by nearly 40 %  recovery in the b enari nario he 
r n the other zones was affected by the recharge rate changes by a maximum of about 
10 %. 
Tab imum wa co y for Sce ios 1a to 1e, and chan  in the 
max very in the sensitivity sc ios. 
Scenar se 
recovery 
) 
x 0.8  x 1.2  
(m) 
h  
x 0.8 
) 
Kh
x 1.2
(m
Kz
x 0.8 
(m
Kz  
x 1.2 
(m) 
rge because there is no vertical leakage simulated over the recharge cells. 
he Coonamble management zone, which
arge recharge  is most se sitive to ch
of the
s in . In 
ase sc
ne th
o, Sce
er le
 1e. T
ecovery i
 
le 4.7: Max
imum reco
ter level re ver
enar
nar ges
io Ba
(m
Recharge 
(m) 
Recharge K
(m
  
 
) 
  
) 
1a 2 1.4 +1.4 .7 +3.7 +4.1 -4.4 1 - -4
1b 1 1.1 +1.1 .3 +0.8 -3.0 -5.1 
6 0.9 +0.9 .8 +3.7 +4.0 -0.8 
1d 7 1.3 +1.3 0.8 +8. +4.8 -2.0 
18 -6.6 +6.6 .7 +1.4 +3.8 -5.2 
1 - -1
1c 3 - -4
2 - -1 4 
1e -1
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 Pe hanges in the maximum head recovery in both the Flinders 
and 
dine zones the maximum head recovery changed by about one-third of 
the r
omponents varying by up to 1 % from the mean. The mean change in the water 
balan
 is 
both a m
averages for Scenarios 1a to 1e. 
rturbations in Kh caused c
Eastern Downs zones by about one-third of their recoveries in the base scenarios. The 
recovery in the other zones was affected by the Kh changes by a maximum of about 10 %.  
Perturbations in Kz had the greatest overall affect on the maximum head recovery. In both 
the Flinders and Barcal
ecoveries in the base scenarios; the maximum recovery in the Coonamble zone changed by 
about 20 %. 
The effect of the parameter value perturbations on the water balances is quite consistent 
across the five management zones, with coastal outflows varying by up to 5 % from the mean 
and all other c
ce, as a percentage of the base amount for each scenario sensitivity run, is listed in 
Table 4.8. In all cases both inflows and outflows of vertical leakage compensate for the effect 
of the parameter perturbations. The average change in vertical leakage inflows varies between 
8 % and 17 %; the average change in vertical leakage outflows varies between 6 % and 16 %. 
Coastal discharge is also affected, but the magnitudes of the changes are smaller. As recharge
odel parameter and a water balance component, changing the recharge rate has a direct 
impact on the water balance recharge.  
 
Table 4.8: Changes in the water balance due to the parameter value perturbations: 
Average change in water balance (%)  
Component Recharge 
x 0.8 
Recharge 
x 1.2 
Kh  
x 0.8 
Kh  
x 1.2 
Kz  
x 0.8 
Kz  
x 1.2 
Inflows   
Recharge -20 20 0 0 0 0
Ve
  
Ve
0 0 0 0
Springs 0 0 0 0 0 0
Coastal discharge -5 4 -22 21 4 -5
TOTAL -7 9 -3 4 -4 7
Balance 0 0 0 0 0 0
rtical leakage 13 -8 -9 10 -11 17
Sea water 0 0 -20 20 0 0
TOTAL -7 9 -3 4 -4 7
Outflows 
rtical leakage -13 16 -6 7 -8 12
Water bores 0 0
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 4.8.2 Scenario 2 
 Scenario 2 all bores across the Basin were capped at rates based on the estimated water 
requirements when bore flows are controlled and the water is piped to tanks and troughs with 
float-valves. This was considered to be the maximum water recovery available from stock and 
domestic water bores.  
Maximum flow rates were set by management zone. Spring flows and recharge were not 
modified. Flow statistic
nario the total flo d i y th arte e 960 m d 
flow and there is an average of 0.32 GL fl d p  f e
rehabilitated.  
ensland (Figure has the highest water use in the Basin. 
This zone has more than twice as many bores, and mo
rehabilitation, as any other zone. The flow saved in the Warrego zone per bore rehabilitated 
under this scenario (0.35 GL/year) is slightly higher than the average, and the flow saved over 
the zone is about 3 times that saved in the next highest water-use zone, the Coonamble zone. 
m the Western zone, which has only one bore in the model, the Flinders zone has 
the highest proportion of bores for rehabilitation in this scenario (79 Bores in the recharge 
zones that appear to require rehabilitation are sub-artesian and would be pumped. The Warrego 
zone in NSW has the lowest proportion esian bores that would require rehabilitation.  
stern and Central zones have the largest flow savings per rehabilitated bore (0.61 
a ear respectiv ). Th o zon be
pressures. The lowest flow saving per rehabilitated artesian bore is in the Barcaldine zone, 
which has a concentration of bores close to the arge area. However, as S 1 shows, 
the m , 
than in other high-use zones. 
ater budget for cenari is com ed to the modell 0 ter bu in 
T  The large reduction in bore flows is accompanied by a large increase in outward 
v  and a s r de e in i rd vertical leak A cenario e 
m combined rtical ge in ario  th odel, but 
the total flows are less. 
odelled water level recovery (Figure 4.17) averages 5.4 m over the model area and 
i um of 48 m south of Cunna lla.  
In
s for Scenario 2 are listed in Table 4.9.  
In this sce w save s nearl
/year 
ree-qu
ow save
rs of th
er bore
total 1
rom th
odelle
 1242 bores 
The Warrego zone in Que 4.15) 
re than double the number of bores for 
Apart fro
%). 
of art
The We
nd 0.60 GL/y ely ese tw es have low num rs of bores and high artesian 
rech cenario 
odel predicts a higher rate of water level recovery per unit of water saved in this zone
The w
able 4.10.
 S o 2 par ed 196 wa dget 
ertical leakage malle creas nwa age. s in S  1, th
agnitude of the  ve  leaka Scen  2 is greater than in e 1960 m
The m
s a maxim mu
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Table 4.9: Bore flows by management zone for the Scenario 2 model run.  
Management 
zon
Modelled 
maximum 
flow per 
bore (L/s) 
Total 
no. of 
model 
bores 
Total 
no. of 
model 
springs 
Total 
flow in 
1960 
(GL/yr) 
No. of 
bores 
affected 
Flow 
saved 
(GL/yr
) 
Total 
modelled 
flow 
(GL/yr)
e 
Barcaldine 1 148 11 20.5 104 14.5 6 
Cent  2 102 1 49.7 74 44.3 5.4 
Coo amble 4 338 4 78.8 183 47.6 31.2 
East rn Downs 4 278 1 76.3 107 58 18.3 
Eastern 
Recharge A 
0.5 3 2 0.15 2 0.01 0.14 
Eastern 
Recharge B 
0.5 14 2 0.38 4 0.19 0.19 
Eastern 
Recharge C 
0.5 30 0 0.49 8 0.14 0.35 
Flinders 1 232 34 41 184 33.4 7.6 
Gul 1 0 0 0 0 0 0 
Nort 2.2 
Sout  
Springs 
1 85 165 54.1 53 25.4 28.7 
Rec
13 0 0.48 0 0 0.48 
Wes
ral
n
e
f 
h West 0.5 106 18 25 80 22.8 
h West
Southern 4 
harge 
Warrego – Qld 1.5 699 37 167 402 142.3 24.7 
Warrego – NSW 4 306 21 19.9 36 5.2 14.7 
Western 
Recharge 
0.5 7 11 0.72 4 0.03 0.69 
tern 0.5 1 1 1.1 1 0.61 0.49 
TOTAL – 2362 308 535.6 1242 394.5 141.1 
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Sce
ego zone, was greatest for Kh (-7.6 m and +5.9 m, or about 15 % of 
the h
 
 
 
Figure 4.17: Modelled steady state water level recoveries for Scenarios 2, 3 and 4. 
 
nario 2 sensitivities 
A sensitivity analysis of this scenario multiplied recharge, Kh and Kz by 0.8 and 1.2 in six 
individual runs. The change in head recovery at the location of maximum head recovery, which 
is 48 m and is in the Warr
ead recovery), slightly less for Kz (+6.3 m and -3.4 m, or about 10 %) and least for 
recharge (-1.2 m and + 1.2 m, or about 2 %). 
The effect of the parameter value perturbations on the water balance is shown in 
Table 4.11. As in the previous scenario, both inflows and outflows of vertical leakage 
compensate for the effect of the parameter perturbations. Vertical leakage inflows change by 
between 8 % and 21 %; vertical leakage outflows change by between 5 % and 13 %. 
 
 Table 4.10: Comparison of Scenario 2 and 3 water balance results with the 1960 
model.  
Water balance (GL/year)  
nent 0 Scenario 2 S rio 3 
Inflows  
Compo 3  June 1960 cena
Recharge 708 708
l leakag 7 8 
ea wate 0.15 5 5 
TOTAL 1,1 5 6 
Outflows  
Vertical leakage 626 902
ter bore 7 9 
Springs 34 4
ischarge 
TOTAL 1,1 5 6 
Balance 0 0 0 
708 
Vertica e 465 34 38
S r 0.1 0.1
 73 1,05 1,09
761 
Wa s 501 10 28
3 34 
Coastal d 12 12 12 
 73 1,05 1,09
 
4.8.3 Scenario 3 
flow savings. Table 4.12 lists the 
bore flow statistics for Scenario 3. As in the previous scenarios, spring flows and recharge were 
 
the flow saved per bore re
w rate and modelled flow rate. 
Although t
y higher than in 
Scenario 2, and the flow saved over the zone is still more than double that saved in any other 
zone.  
The amount of water saved in Scenario 2 was considered to be unachievable in the short 
term, due to both the high cost of rehabilitation works and resource constraints, so the flow rate 
ceilings were relaxed in some zones to give more achievable 
not modified.  
In this scenario the total flow saved is about 40 % of the total 1960 modelled flow, and 
there is an average of 0.33 GL/year flow saved per bore from the 640 bores rehabilitated. So
habilitated is about the same as in Scenario 2 but the number of bores 
is approximately halved.  
Scenario 3 maximum flow rates distribute the flow savings more evenly across the Basin: 
the zones fall in a more similar order when ranked by 1960 flo
he maximum flow rate for the Warrego zone in Queensland was increased from 
1.5 L/s to 12 L/s, this zone still has the most bores requiring rehabilitation. The flow saved in 
this zone per bore rehabilitated under this scenario (0.38 GL/year) is slightl
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 Table 4.11: Change in the water balance due to the parameter value perturbations, 
for Scenario 2. 
Change in water balance (%)  
Component R Recharge h  
. x 1.2 x 0.8 
Kecharge 
x 0.8 x 1.2 
K
x 0 8 
Kh  Kz  z  
x 1.2 
Inflows   
Recharge -20 20 0
Vertical leakage 13 -8 -13 14 -13 21
Sea water 0 -20 20 
TAL -9 11 -4 5 -4 7
s 
akage -11 13 -5 5 -5 8
ater bores 0 0 0
Springs 0 0 0 0 0 0
arge 0 -25 17 -8
11 -4
0 0
0 0 0
0 0 0
TO
Outflow
Vertical le
  
W 0  0 0
Coastal disch 0 0 
TOTAL -9 5 -4 7
Balance 0 0 0 0
 
 
Of the zones with more than 10 bores in the model, the Central zone has the highest 
p res for reha ation %). Th arre ne in W st s the  
p sian bores th woul uire re litat
South West Spring ne, wit ts max m flow rate incre d fro L/s to  
joined the Western and Central zones in having the largest flow savings per rehabilitated bore. 
The new cut-off more effectively distinguished the artesian bores from e sub ian bo  
t The lowest flow sav  pe ilitat tesi  is st the B dine 
he water budget for Scenario 3 is compared to both the modelled 1960 and Scenario 2 
 increases in outward vertical leakage and magnitude of the 
creases in inward vertical leakage and total flows, compared 
to the 1960 m
roportion of bo bilit  (51 e W go zo  NS ill ha lowest
roportion of arte at d req habi ion. 
The s zo h i imu ase m 1 4 L/s,
 th -artes res in
his zone. ing r rehab ed ar an bore ill in arcal zone. 
T
water budgets in Table 4.10. The
combined vertical leakage, and de
odel are smaller in Scenario 3 than in Scenario 2. 
The modelled water level recovery (Figure 4.17) averages 3.0 m over the model area and 
is a maximum of 26 m between Thargomindah and Lightning Ridge. 
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 Table 4.12: Bore flows by management zone for the Scenario 3 model run.  
Management Modelled Total Total Total No. of Flow 
zon maximum no. of 
bores 
no. of 
springs 
flow in 
(GL/yr) 
bores saved 
Total 
modelled 
 
(GL/yr)
e 
flow per 
bore (L/s) 
model model 1960 affected (GL/yr) flow
Barcaldine 4 148 8 12.6  11 20.6 42 
Central 10 102 1 49.7 52 28.7 21 
.8 69 18 .7 
Eastern Downs 12 278 1 76.3 81 35 41.3 
Recharg
0.5 3 2 0.15 2 0.01 0.14 
E
Recharg
14 2 38  0.
Eastern 30 0 49  0. 0.35 
Flinders 5 232 34 41 97 16.5 24.5 
Gul
North 106 18 25 48 14 10
South Wes 85 165 .1 36 21 32
Southern 13 0 48 0 0 0.48 
War o – Qld 12 699 37 167 167 64.3 102.7 
Warrego – NSW 5 306 21 19.9 29 4.2 15.7 
Wester
Rec
7 11 0.72 4 0.03 0.69 
Coonamble 12 338 4 78 .1 60
Eastern 
e A 
astern 
e B 
0.5 0. 4 0.19 19 
Recharge C 
0.5 0. 8 14 
f 1 0 0 0 0 0 0 
 West 5 .8 .2 
t 
Springs 
4 54 .4 .7 
Recharge 
4 0.
reg
n 0.5 
harge 
Western 0.5 1 1 1.1 1 0.61 0.49 
TOTAL – 2362 308 535.7 640 212 323.7 
 
Scenario 3 sensitivities 
As in the sensitivity analyses of the previous management scenarios, recharge, Kh and Kz 
were
 As in the previous scenarios, both inflows and outflows of vertical leakage 
 multiplied by 0.8 and 1.2 in six individual runs. The change in head recovery at the 
location of maximum head recovery, which is 26 m and is in the Warrego zone, was greatest 
for Kh (-5.5 m and +4.3 m, or about 20 % of the head recovery), slightly less for Kz (+3.1 m and 
0.7 m, or about 10 %) and least for recharge (-0.4 m and + 0.4 m, or about 2 %). 
The effect of the parameter value perturbations on the water balance is shown in 
Table 4.13.
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 compensate for the effect of the parameter perturbations. Vertical leakage inflows change by 
between 9 % and 20 %; vertical leakage outflows change by between 5 % and 14 %. 
 
Table 4.13: Change in the water balance due to the parameter value perturbations, 
for Scenarios 3. 
Change in water balance (%)  
  
 
Component 
Recharge 
x 0.8 
Recharge 
x 1.2 
Kh  
x 0.8 
Kh  
x 1.2 
Kz  
x 0.8 
Kz  
x 1.2 
Inflows 
Recharge -20 20 0 0 0 0
Vertical leakage 20
0 0 -20 20 0 0
-4 -4 
Outflows  
Vertical leakage -12 14 -5 6 -6 10
0 0 0 0 0 0
0 0 0 0 0
ge -8 0 25 17 0 
-8 10 -4 5 -4 
0 0 0 0 0 
13 -9 -11 13 -12 
Sea water 
TOTAL -8 10 5 7
 
Water bores  
Springs 0  
Coastal dischar -  -8
TOTAL 7
Balance  0
 
4.8.4 Scenario 4 
3 were used in the prioritisation of the zones for 
funding under the GAB Sustainabilit
Mines and Water, 2006). On completion of the rehabilitation works the success of the Initiative 
was measured using the model. The modelled water level recovery attributable to estimates of 
water saved from bores actually rehabilitated was compared with the m  recovery from 
w mated at the start of the project to be achievable. It -
t o 3 water saving ld be achiev  with the GABS ding.  
4.14 compares estimates of the actual a ngs and water level 
r y management zone. No  were reh ated in the recharg zones under GABSI 
because the aim was to recover water pressure by reducing water wastage from uncontrolled 
artesian bores. Some bores that were rehabilitated under GABSI were not included in the 
model. These may have been drilled after 1960 or they may have been missing from the 
database.  
The results of Scenario management 
y Initiative (GABSI, described in Natural Resources, 
odelled
ater savings esti was considered that one
hird of the Scenari s cou ed I fun
Table nd predicted flow savi
ecovery b  bores abilit e 
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 Overall the flow savings were greater than expected because higher-flowing bores were 
given
Figure 4.17 shows the water level recovery predicted from the actual GABSI water 
sav is predicted near the Queensland-NSW state border 
north
 a higher priority for rehabilitation. However, flow savings in the highly-developed 
Warrego zone in Queensland were less than predicted because pressure and consequently 
uncontrolled bore flow rates have declined since 1960. The GABSI flow savings scenario was 
also run with a 1999 well file. This is described in Section 5.6.1.  
ings. The greatest water level recovery 
-west of Lightening Ridge, which is south-east of the main area of recovery predicted in 
Scenario 3. Otherwise the pattern of recovery is generally similar to that in Scenario 3, 
although the amount of recovery varies with the flow savings. 
 
Table 4.14: Estimates of actual and predicted flow savings and water level recovery 
under GABSI.  
Management zone Flow saved 
1/3 Scenario 3 
(GL/year) 
Flow saved 
GABSI 
(GL/year) 
1/3 modelled 
average Scenario 3 
recovery (m)  
Modelled 
average GABSI 
recovery (m) 
Barcaldine 2.7 8.8 0.2 0.6 
Cent
0.7 0.03 0.4 
Nort
70.6 96.1 - - 
ral 9.6 17.4 0. 6 0. 7 
Coonamble 6.0 19.0 1.4 4.8 
Eastern Downs 11.7 10.4 1.7 1.8 
Eastern Recharge A 0.003 0 0.3 0.9 
Eastern Recharge B 0.06 0 0.4 0.3 
Eastern Recharge C 0.05 0 0.1 0.1 
Flinders 5.5 15.7 1.0 2.5 
Gulf 0 
h West 4.9 4.4 1.1 0.9 
South West Springs 7.1 5.9 1.3 2.1 
Southern Recharge 0 0 0.5 3. 5 
Warrego – Qld 21.4 8.4 2.4 1.3 
Warrego – NSW 1.4 2.7 1.3 1.6 
Western Recharge 0.01 0 0.2 0. 3 
Western 0.2 2.7 1.5 2.5 
TOTAL 
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 Scenario 4 sensitivities 
Recharge, Kh and Kz were multiplied by 0.8 and 1.2 in the individual model runs for the 
sensitivity analysis. The change in head recovery at the location of maximum head recovery, 
which is 15 m, was greatest for Kh (+3.1 m and -2.1 m, or about 17 % of the head recovery), 
less f
as once an idea, and is now becoming a reality. Challenges for the 
futur
odules. However, the model 
covers a very large area, over 1.7 x 106 km2, and data collection began in the late 1800s. There 
are a lot of data, but these are unevenly spread over time and space, and were generally 
collected for other purposes. The flow rate measurement type, for example flow-as-found or 
maximum yield, was generally not specified, so some data not entirely suitable for modelling 
were used.  
Because the model was developed using an inverse method on an over-parameterised 
model, there will be alternative parameter sets that give equivalent model results. It was 
intended that parameter values be realistic but they were determined in the absence of any 
measurements of recharge, diffuse vertical inter-aquifer leakage and large-scale transmissivity. 
or Kz (+0.6 m and -0.6 m, or about 4 %) and zero for recharge. 
4.9 Discussion 
The GAB contains an abundance of potable water that flows freely to the ground surface 
in many areas when a borehole is drilled. Because the climate over much of the artesian parts of 
the Basin is arid, this water is a very important resource. Water pressures from the first bores 
drilled in the late 1800s were very high and the water flow was not controlled. Over the 
subsequent decades, as water levels fell, government regulations required the water to be used 
more efficiently. Bore drains were once a requirement, but are now being replaced by pipes. 
Controlling all bore flows w
e include finding and fixing bores that are leaking internally, with water from higher 
pressure aquifers leaking through corroded casing into lower pressure aquifers, and finding 
ways to increase the lifespan of bore infrastructure. 
The purpose of this modelling was both to gain a better understanding of the water 
balance of the GAB and to provide a tool that could predict water level recoveries under 
different bore rehabilitation scenarios. Some would argue that the standard concept of 
sustainable yield does not apply in such a large basin (Hillier and Foster, 2002, in Reeves and 
Breckwaldt, 2006:49). However, these estimates of inflows and outflows complement other 
studies of the Basin and add to our understanding of its hydrodynamics. In this way the water 
balance helps provide a sound basis for the development of GAB groundwater management 
plans and policies. Through its water level recovery predictions, the model has also been used 
to support the GAB Sustainability Initiative. 
Standard MODFLOW-88 (McDonald and Harbaugh, 1988) software was used with 
datasets prepared in the GIS. The single layer model is conceptually simple and uses only the 
Recharge, Well and GHB Packages in addition to the standard m
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 In part model 
because the  4.6) 
suggest the model is well-cali vel recoveries show that the 
mode
 from the Basin margin. 
How are in the artesian 
parts of B ect, and changed the water level 
recovery
noted that th
changed para
Fou
(1) restricting bore flows in each of five of the more-highly developed GAB management 
zone across the whole basin to amounts that would be required if 
piping, tanks 2 to more 
achievable flow savings, and (4) discharge reductions due to actual bore rehabilitation works 
funded u
Downs zone had the greatest potential water saving per rehabilitated bore and the Barcaldine 
zone had the 
394 GL/year ed flow; the flow saved in scenario 3 is 212 GL/year, 
or 40
ed in the next 
chap
icular, the vertical leakage parameters will not be realistic over most of the 
GHB package is simulating a net leakage. The calibration statistics (Section 
brated. Scenarios to estimate water le
l predicts greater recoveries per unit amount of water saved where transmissivity is lower.  
Sensitivity analyses were conducted to gain some understanding of the degree of 
uncertainty in the calibrated model and its management predictions due to the uncertainties in 
recharge, Kh and Kz. These analyses found that the model heads are most sensitive to changes 
in Kh and least sensitive to changes in Kz. Perturbations of the recharge rate have the greatest 
effect on heads in the recharge beds and a diminishing effect away
ever, in the management scenarios, where the areas of most interest 
the asin, changes in Kh and Kz had the greatest eff
 predictions by up to one-third of the predictions in the base scenarios. It should be 
ese sensitivity results were carried out with the model calibration perturbed by the 
meter values. 
r water-bore rehabilitation scenarios were run with the model. These simulated 
s, (2) restricting bore flows 
 and troughs were installed, (3) relaxing the restriction in Scenario 
nder the combined Commonwealth-State-Landholder GABSI initiative. The Eastern 
greatest head recovery per mount of water saved. The flow saved in Scenario 2 is 
, or 74 % of the 1960 modell
 % of the 1960 modelled flow; the actual saving under GABSI was 96 GL/year, or 18 % 
of the 1960 modelled flow. The distribution of the head recoveries reflects the distribution of 
the water bores, except in the Barcaldine zone where the modelled recovery is muted.  
The steady state assumption and the model structure cause vertical leakage to compensate 
for decreases in bore water use in the water balances. This problem is address
ter, which discusses a transient numerical model of the GAB. 
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 Chapter 5: TRANSIENT MODEL: GREAT 
ARTESIAN BASIN 
This chapter presents a transient numerical model of the Great Artesian Basin. Because 
this model seeks to replicate hydraulic head changes over both space and time, the data 
requ ose for both the steady state and GIS-based models developed 
in th  
approach to the 
the same. MO  for modelling. 
The adv
1. dictions;  
 
plicate heads under different model 
3. tion of management options will provide more accurate results than the 
The disadvantages are that: 
odel development takes longer; 
nked to time frames can imply a greater accuracy than is 
This chapter describes the development of the model, assesses the calibration, and 
discusses the m
re used in the development of the transient 
model. Section 5.2 discusses the modelling methodology and data preparation. Section 5.3 
compares the parameter sets in the calibrated model with published values. Section 5.4 
discusses model uncertainty and includes some model validation results. Section 5.5 presents a 
sensitivity analysis of the model from a hydrogeological perspective. Section 5.6 presents and 
irements are greater than th
e previous chapters. These differing data requirements necessitated a slightly different
modelling from the steady state model, although the conceptual model remains 
DFLOW was again used as the platform
antages of a transient model over a steady state model include: 
timeframes can be linked to model pre
2. the transient model calibration will be more robust than the steady state 
calibration because the model is required to re
stresses, such as changing bore flow rates; and  
simula
steady state model. 
1. the model is more complex, so m
2. the modelling requires more data because it is calibrated over a longer time 
period; and 
3. having output li
warranted by the raw data.  
Hence a steady state model is useful when time frames are tight and/or data are 
insufficient for a transient model. The previous steady state model is useful for providing water 
balances and scenario predictions that are recognised by groundwater managers as being less 
accurate than transient model predictions, because model uncertainty is most easily conveyed 
to non-scientists and groundwater managers in terms of an unknown time frame. 
odel results, sensitivity analysis and uncertainty. The model is then used to 
predict water balances and hydraulic heads for some groundwater management scenarios. A 
comparison of water level recoveries from the same scenario run with both the steady state and 
transient models is included. 
Section 5.1 describes the additional data that we
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 discusse ement scenarios and a sensitivity analysis from the 
mana
 for the steady state model, such as aquifer storage 
at was not available for the steady state model, such as a 
better information that could have improved the steady state model, such as 
mic studies; and 
rn SA. However, due to petroleum exploration in that area, 
the s
included stratigraphic layers not intended to be included 
in the m  in geological mapping blur the distinctions 
between the 
rkhead Formations 
(Figure 4.4) that are not included in the Queensland part of the groundwater model. BHP 
Billiton x 2a model in which Layer 3 is the Algebuckina 
Sand
s the results from three manag
gement perspective. Section 5.7 is a discussion of the chapter. 
Previous publications by the author describing this work (Welsh, 2006a; Welsh and 
Doherty, 2005) contribute to the content of this chapter. 
5.1 Data 
Additional data were collected for the development of the transient model. This included: 
• information not required
coefficients and petroleum extractions; 
• new information th
spatial distribution of recharge rates;  
• 
aquifer thicknesses from seis
• more recent information, such as bore locations, hydraulic heads and discharge 
rates. 
The additional data are discussed in the following sub-sections. 
5.1.1 Stratigraphic data 
Stratigraphic logs that were used to determine aquifer thicknesses for the steady state 
model are sparse over north-easte
eismic coverage is good. 
Stratigraphic thicknesses derived from seismic studies were obtained from two sources: 
Department of Primary Industries and Resources of SA (PIRSA) and BHP Billiton Olympic 
Dam Operations. These datasets both 
odel, but State cross-border differences
geological formations (Habermehl and Lau, 1997). In particular, the Algebuckina 
Sandstone in SA is mapped as an extension of the Hooray to Hutton Sandstones in Queensland 
(Figure 4.4). 
The PIRSA provided an isopach for the top of the Cadna-owie Formation to the base of 
the Birkhead Formation. This includes the Westbourne, Adori and Bi
 provided data from their Ode
stone and correlatives. This includes the Mooga, Birkhead and Hutton Formations, but 
excludes the Cadna-owie Formation. 
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 5.1.2 Recharge rates 
Kellett et al. (2003) and Love et al. (2000) have measured GAB recharge rates. Kellett et 
al. (2003) measured the diffuse, preferred pathway and river leakage recharge rates for the 
Hooray and Hutton Sandstones and equivalent aquifers south of about 19.5 °S in Queensland 
using coupled piezometers and rainfall meters, chloride mass balance calculations for both the 
unsaturated and saturated zones, δ18O and δ2H isotopic compositions and radiocarbon dating. 
This study produced a 1 km-resolution grid of recharge rate estimates over most of the western 
Grea
nd Queensland state government publications 
(Que
 well documented. SA collects monthly 
disch
rings 
in Sections 5.2.5 and 5.3.1. 
C and the NT 
Depa
t Dividing Range in Queensland.  
Love et al. (2000) estimated the recharge rate in the south-west of the Basin in SA using a 
chloride mass balance method.  
The recharge rates used in the model are discussed in Sections 5.2.8 and 5.3.6. 
5.1.3 Petroleum wells 
Petroleum data were provided by the SA Department of Water, Land and Biodiversity 
Conservation (DWLBC), the DNRW a
ensland Department of Minerals and Energy, 1993; Queensland Department of Mines, 
1983, 1984, 1985, 1986, 1988 and 1989; Queensland Department of Mines and Energy, 1998 
and 2000; Queensland Department of Resource Industries, 1990 and 1992; Scott et al. 1997; 
Shirra and Kozak, 1988; Suchocki, 1994). There are no commercial petroleum extractions to 
the year 2000 in NSW or the NT. 
Petroleum (oil, water and gas) flow rates are
arge volumes by petroleum well. Queensland publishes annual discharge rates by 
petroleum field. The petroleum-related oil, gas and water discharge rates used in the model are 
discussed in Sections 5.2.5 and 5.3.1. 
5.1.4 Natural sp
Additional spring locations and descriptive information were provided by the DWLBC 
and the Queensland Herbarium (Fensham and Fairfax, 2002). NSW springs are documented in 
Pickard (1992). There are no known natural springs in the NT. Spring locations were 
rationalised from all the available data, where many springs were duplicated. The natural spring 
discharge rates used in the model are discussed 
5.1.5 Water bore data 
Additional bore details, discharge rates and hydraulic heads were sourced from the 
DNRW, the NSW Department of Natural Resources (DNR), the DWLB
rtment of Natural Resources, Environment and the Arts (NRETA).  
This large amount of data from disparate sources was checked and combined with the 
existing data using computer programs developed for the purpose. Many water bores were 
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 listed with multiple (up to 5) unique identifiers arising from the different databases and from 
new numbers assigned to replacement bores. Other problems included different measurement 
values being listed for what appear to be the same measurements. These, and other instances 
where water level or discharge rate entries appear to be unreasonable, were resolved by 
comparison with trends in adjacent measurements and adjacent bores. Manual checking at the 
level of individual bores was carried out when the computer programs highligh
inconsistencies in the data. This was a protracted task that was essential to the modelling.  
owever, using data trends to identify unreasonable values in the database is not 
comp  reliable. In particular, it is not possible to predict whether the pressure should rise 
or fall when a bore’s discharge rate declines. This could be due to various reasons: (1) the flow 
rate from an uncontrolled bore can be inexpensively reduced from some bores by decreasing 
the diameter of the outlet, for example by installing an orifice plate; (2)  the discharge rate of a 
free-flowing bore will diminish as the groundwater pressure declines and rise as the pressure 
rises; and (3) the groundwater pressure will rise when an orifice plate is installed. This 
information was not included with the data. 
egional drawdown cones also complicate the problem of identifying unreasonable data. 
When two bores are sufficiently close together that their drawdown cones overlap, a change in 
discharge rate at one will impact on the water pressure at both. Also, the relationship between 
discharge rate and hydraulic head may not appear sensible for the bore whose discharge rate 
shows no change, either because there was no corresponding discharge rate measurement or 
because the measured discharge rate was regulated.  
eon Leach (DNRW, personal communication, September 2005) noted that inter-aquifer 
leakage is significant in bores where the casing has become corroded. The rate of free-flow 
from ay not be reduced much by this, but shut-in pressures will be greatly 
affec  water from the high-pressure aquifer discharges into overlying, lower-pressure 
aquifers during measurement. 
he locations of the water bores, springs and petroleum wells used in the transient model 
are shown in Figure 5.1. Table 5.1 lists some water bore data statistics from the updated, 
cleaned database. There are significantly fewer bores than in the steady state database 
(Table 4.1) because of the removal of non-GAB bores, i.e. those terminating in the Cainozoic, 
and a more rigorous filtering out of duplicates. 
n a per-bore basis, NSW and SA have been the most monitored states (see Table 5.1 for 
water bore monitoring statistics). However, the statistics for bore monitoring in SA are 
bolstered by the high level of monitoring from the Olympic Dam operations.  
ydrographs from bores with many water level measurements over a long period 
(decades) 
linea es with large data 
ted 
H
letely
R
L
 such a bore m
ted as
T
O
H
show a trend of water level decline consistent with a decay function. Consequently, 
r interpolations were considered inappropriate for the water levels of bor
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    94
gaps sed 
to find a general curve of best fit. It was foun at evel  for these bores is 
described by Equation 5.1, where A and B are the first and last points respectively
observed h x is measured in days and n An 4 
gives the best average match between measured and calculated water levels for all 29 bores. 
. All bores with at least 50 water level measurements over at least 40 years were analy
d th water l decay
 on the 
ydrograph, y is water level i  metres. α of 0.0001
( )xα−eBAy 1  
 
−+= 5.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: MODFLOW IBOUND array for the GAB transient model and locations of 
water bores, petroleum wells and natural springs included in the model. 
 Table 5.1: Water bore statistics for the period 1/1/1960 to about 2002.  
Statistic Qld NSW SA NT All 
states
No. of water bores 9,307 3,097 1,004 167 13,575
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Year
He
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 (m
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H
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Measured
Calculated
No. of discharge measurements 7,753 12,522 3,510 38 23,823
No. of bores with >9 discharge 
measurements in total 
53 507 67 0 627
Above, as % of total bores 0.6% 16% 7% 0% 5%
Max. no. of discharge measurements for a 
bore 
21 57 169 5 169
No. of head measurements 6,761 9,510 8,288 35 24,594
No. of bores with >9 head measurements 
in total 
8 272 97 1 378
Above, as % of total bores 0.1% 9% 10% 0.6% 3%
Max. no. of head measurements for a bore 12 281 207 13 281
 
his equation was used when generating observed head surfaces to interpolate between 
meas rements where the gap in the hydraulic head records was 40 years or more. Linear 
interpolation was applied for gaps of less than 40 years. Figure 5.2 compares calculated and 
measured water levels for some bores with good measurement histories. 
Figure 5.2: Measured and calculated temperature-corrected water levels of some 
ores with good measurement histories. Bore locations are shown on Figure 5.3. 
T
u
 
 
 
 
 
 
 
 
 
 
 
 
b
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 Th gure 5.3. Most water flows 
from
bores in Figure 5.2.) 
e initial observed heads for the modelling are shown in Fi
 the east and west margins toward the southern margin. Some flows toward the Gulf of 
Carpentaria. The remainder flows toward Lake Amaroo. 
The water bore discharge rates used in the model are discussed in Sections 5.2.5 and 5.3.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Observed temperature-corrected hydraulic heads at 1/1/1960 and the 
implied groundwater flow directions. (Includes locations of 
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5.1.6 Eulo-Nebine Ridge hydrogeology 
With the additional bore measurements, a temperature-corrected, 1 January 1960 head 
surface was created over the Eulo-Nebine Ridge (Figure 4.3), which was found during the 
steady state modelling to have large head variations. The high density of water bores in this 
area (Figures 5.1 and 5.4) could be a contributing factor, but the proximity of structural features 
and springs suggests that the aquifer framework may be a more important factor. Figure 5.4 
shows the geologic structures, locations of discharge springs and the CADN aquifer hydraulic 
heads temperature-corrected and interpolated to 1 January 1960. An arc of springs surrounds 
the a
ulic heads probably represent the regional groundwater flow, 
whi m 
drai
 
 
 
rea. Hydraulic head differences of more than 40 metres occur where red and blue symbols 
are adjacent. The lower hydra
le the higher heads may result from lensing or faulting that prevents the groundwater fro
ning and enhances the gravity-driven groundwater pressures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: Observed temperature-corrected hydraulic heads in the Eulo-Nebine 
Ridge area (geologic structures from Radke et al., 2000). 
 
 Radke et al. (2000) provide some hydrogeochemical insight. Their data show that the area 
of the Cadna-owie-Hooray aquifer in southern Queensland bounded by the Nebine and Eulo 
Ridges is hydrochemically different. The water is fresher, being lower in chloride, sodium, 
sulphate and total dissolved solids. They state that the groundwater flow rates are faster than in 
the adjacent deeper parts of the aquifer; the groundwater temperatures are lower than on the 
other bo  ridge, the Euroka Arch, where local hot spots occur; 
and 
…in the
echarge through the 
t files for the MODFLOW packages were produced using a GIS 
and t
rameters 
vary spatially but are held constant over time. This simplifies the setting of these parameters for 
predicti y temporally in the model are Well Package 
disch
 evident from the additional data collected for this 
mode
unding Eromanga Basin basement
significant inter-aquifer leakage is more pronounced here, where the intervening Rolling 
Downs Group aquitard is thin. 
Radke et al. (2000:3) suggest a recharge mechanism to explain the observed 
hydrogeochemical signature:  
 eastern region of the Eulo-Nebine Ridge area a repeated subarcuate pattern of 
discontinuous hydrochemical anomalies is attributed to unique recharge phenomena following 
extended periods of aridity during the Pleistocene. … Hydrochemical signatures … most 
probably indicate recharge through the overlying relatively permeable Doncaster Member. These 
anomalies apparently formed immediately following periods of sustained aridity when the 
lowered potentiometric surface … was ineffective in countering this r
overlying aquitard. 
Further stratigraphic studies of this highly developed area could help to explain the 
observed water level anomalies and would be useful for future groundwater modelling. 
5.2 Modelling methodology 
The model is run under MODFLOW-2000 (Harbaugh et al., 2000) as distributed with 
version 4.0 of the Department of Defense Groundwater Modeling System software (Brigham 
Young University, 2002). Inpu
he Perl programming language (Schwartz, 1994; Wall et al., 2000). 
The conceptual model of the system and the aquifer modelled are the same as for the 
steady state model (Section 4.3.1). Because the hydrology of the GAB changes slowly over 
time the effect of climate variability can be ignored, and so recharge and leakage pa
ve model runs. The only inputs that var
arge rates. Consequently, the model quantifies the relationship between discharge rate and 
groundwater level, based on the assumptions given above. 
5.2.1 Discretisation 
The projection, grid orientation and cell-size are the same as for the steady state model, 
and the model boundary (Figure 5.1) is very similar. A groundwater divide south-west of the 
Queensland town of Chinchilla became
l. If included in the steady state model, this modification to the boundary would probably 
have little affect because it is near a no flow boundary and the hydraulic gradient in the steady 
state model is low here. 
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 The model was calibrated from 1 January 1965 to 31 December 1999. Annual stress 
periods, and therefore annual inputs, were chosen because water levels are not seasonal and all 
parameters change smoothly over this time interval, which is a requirement when 
approximating a partial-differential equation with finite differences, as MODFLOW does. 
5.2.2 Hydraulic heads 
or a transient model, initial hydraulic heads need to be model-generated so that the 
groundwater distribution at the start of the model run is compatible with the hydraulic 
properties of the model. When the initial heads are incompatible the model output over the first 
few stress periods is dominated by head changes to achieve this compatibility. 
 was initially assumed that steady state modelled heads would be appropriate starting 
heads for the transient model. Consequently the upgraded and cleaned data for the transient 
model were used to generate a new 1960 steady state model with the same model structure as 
planned for the transient model. A revised temperature-corrected 1960 observed head surface 
(Figure 5.3) was used as the initial heads and to calibrate this model. 
owever, these modelled heads were not suitable as starting heads for the transient model 
because MODFLOW re-distributed the groundwater during the first few stress periods. The 
transient modelled hydrographs were inconsistent with the observed hydrographs by up to 
15 m charge histories of the calibration bores. This suggests 
that the GAB groundwater system was not in equilibrium in 1960. The inconsistencies were 
greatest in SA where the artesian pressures are low, in NSW over the Coonamble embayment 
and over most of Queensland. 
1965 transient model was developed, whose input heads were the 1960 
temp rature-corrected observed heads and whose 1965 output heads (Figure 5.5) were used as 
the starting heads for the main transient model. Both 1960-65 and 1965-2000 models have the 
same hydraulic framework but the 1960-1965 model has ten 6-monthly stress periods. 
5.2.3 Transmissivity 
ansmissivity is the product of aquifer thickness and Kh, these were determined 
individually then multiplied. Aquifer thickness is based on the stratigraphic log-derived isopach 
developed for the steady state model, as well as thicknesses from the PIRSA and the Olympic 
Dam operations mentioned in Section 5.1.1. Where the PIRSA and Olympic Dam thickness 
data overlap the thinner of the two, which was predominantly the PIRSA isopach, was chosen. 
The seismic and stratigraphic data were joined at the maximum extent of the seismic data, 
which covers most of north-eastern SA. 
The new SA thicknesses are quite different from those in the steady state model. Although 
the o ch 
difficulty, it seems the point-based data may be unreliable. So, during calibration aquifer 
F
It
H
, and were inconsistent with the dis
A 1960-
e
Because tr
ld and new thicknesses merged around the margin of the seismic data without mu
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thicknes ed in Section 5.2.10, affecting transmissivity and 
stora
 
 
 
 
 
 
 
 
 
Figure 5.5: Computed heads for 1965 used as initial conditions in the transient 
ses were allowed to change, as describ
ge simultaneously. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
model.  
 
 5.2.4 Storage coefficient 
The storage coefficient in the confined parts of the aquifer was set to the product of the 
comp
calibration.  
d petroleum discharge 
There are 10,759 wells (water bores, springs and petroleum locations) simulated. 
Table 5 re are fewer water bores in the model than are shown 
in Ta
 bores outside the model boundary. 
 
er of 
water bores 
Number of Number of petroleum 
wells/fields
Total 
ressibility of water, which is 5 x 10-6 per metre (Hazel, 1975:172), and the aquifer 
thickness in metres. Any variation in the compressibility was included in the optimised aquifer 
thickness. Specific yield in the unconfined parts of the aquifer (assigned as those parts 
receiving recharge) was able to vary during 
5.2.5 Water bore, spring an
.2 lists their numbers by State. The
ble 5.1 because Table 5.1 includes bores tapping geological layers above and below the 
modelled aquifer, and GAB
Table 5.2: Tally of water bores, springs and petroleum wells/fields included in the 
transient model.  
State Numb
springs
Qld 4636 656 42 5334 
NSW 3049 41 0 3090 
SA 919 1105 165 2189 
NT 146 0 0 146 
Total 8750 1802 207 10759 
 
Individual water bore discharge rates have been measured at widely variable intervals. To 
make the well files (1960-1965 and 1965-2000), discharges were held at the last measured rate 
until the next measurement. Bores with no discharge rate recorded, except those known to
for monitoring only, were assigned a rate of 0.2 L/s. This is an estimate of the average flow rate 
of bores in the unconfined parts of the Basin. Where available, flow-on-arrival was the chosen 
measurement. Discharg
 of each aquifer because this was only estimated for the 
mode
 be 
es from bores listed as tapping multiple aquifers were reduced for the 
well file input proportionate to the number of conceptual aquifers tapped. So, for example, a 
bore tapping both the Hooray (the modelled aquifer) and Hutton (a deeper aquifer) Sandstones 
would have its discharge rate halved in the model input file. The discharges were not reduced 
proportionate to the transmissivity
lled aquifer during calibration, and was not known for the other aquifers. 
Discharge volumes were calculated for each 6-monthly period from January 1960 to 
December 1999. Discharge rate averages calculated from these volumes were used to generate 
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 the well file entries. Six-monthly accumulation periods were chosen to facilitate potential 
modifications to the stress period durations during model calibration.  
Co  (oil, gas and water) were summed or 
interpol  period from 1979 to 2002 and averages used to generate the 
well 
w 
mmercial petroleum-related extractions
ated for each 6-monthly
file entries. Waste water from petroleum extraction is not pumped back into the ground. It 
is mostly disposed into evaporation ponds. 
Spring flow rates were estimated using descriptions that accompany the spring data, and 
were held constant over the calibration period.  
5.2.6 Coastal outflo
The simulation of coastal outflow is the same as in the steady state model, which is 
described in Section 4.4.4. 
5.2.7 Vertical leakage 
The implementation of diffuse vertical inter-aquifer leakage was trialled using a method 
based on Darcy’s Law: 
A
L
KQ
w
wzw
int
int)(int  and 
HH w int −= A
L
KQ
ador
adorzador )(  
HH ador −= 5.2 
F e o low (ADOR) the modelled aquifer the 
modelled flow rate, Q, is the prod  vertical hydraulic conductivity, Kz, 
(Equat er Bouwer, 8 ifer, all of the intervening 
aquitar  the modelle q d by the 
combined thickness, L, of half of the external aquifer, all of the intervening aquitard and half 
the modelled aquifer, and (iii) gh 
(1988:5-17), and calculates leakage between cell yer is not 
explici lled. 
or both of th  aquifers ab ve (WINT) and be
uct of: (i) the combined
ion 5.3, aft 197 :59) of half of the external aqu
d and half d a uifer, (ii) the hydraulic head, H, difference divide
the cell area, A. This is taken from McDonald and Harbau
centres when a semi-confining la
tly mode
∑ individualKL
=)( totaltotalz LK  5.3 
e the 
)(individualz
Data from the WINT, ALLA, WEST and ADOR layers are relatively sparse and it was 
found that there are too many unknowns, and the rate of leakage is very sensitive to head 
changes. Consequently, vertical leakage was implemented as a net value in the MODFLOW 
Recharge Package and was allowed to vary during calibration but its magnitude was 
minimised. 
Vertical leakage induced by pressure differences in the aquifer layers, as described in 
Section 4.3.1, tends to be upwards. So net vertical leakage should be negative (out of the model 
layer) where the aquifer is artesian and there is no underlying artesian aquifer. Wher
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 aquif
enden reduced as they may be anomalous 
(pers
The
Information  part of MODFLOW-2000 with GMS version 4.0, is 
used wit e
but less com
adopted solv sted in Table 5.3. 
er is sub-artesian or where there is a deeper artesian aquifer, net vertical leakage could be 
negative or positive. 
5.2.8 Recharge 
Recharge to the model aquifer is from both rainfall and river leakage. The Queensland 
recharge study (Kellett et al., 2003) recharge rates were used as the initial values during model 
calibration, with some very high values near Hugh
onal communication, Jim Kellett, Bureau of Rural Sciences, March 2004). Recharge rates 
outside the Queensland study area were initially set at the steady state model rates. 
5.2.9 Matrix solver 
 algebraic multigrid solver produced by the German National Research Center for 
Technology, and included as
h th  model. It is described in Mehl and Hill (2001). This solver uses more memory, 
puter processing time, than the PCG2 solver used in the steady state model. The 
er parameters are li
 
Table 5.3: Algebraic multigrid solver parameter values used in the transient model.  
Item name Item value Item description 
BCLOSE 0.0001 Convergence criterion 
MXITER 25 Maximum number of iterations 
MXCYC 50 Maximum number of cycles per call to the solver 
ICG 0 If ICG = 1 conjugate gradient iterations are 
performed at the end of each multigrid cycle 
DAMP 1.0 Head change damping (< 1.0) / acceleration (> 1.0)  
 
5.2.10 Calibration 
Model calibration was achieved using a combination of manual and automated parameter 
value adjustments. Automated adjustments were performed using PEST software (Watermark 
Numerical Computing, 2004) and PEST groundwater utilities (Watermark Computing, 2003a 
and 2003b). Pilot points (Doherty, 2003) were used with PEST to control the spatial property 
characterisation of the optimised parameter sets. PEST optimises the parameter at the locations 
of th
processing time by distributing the computing load across multiple networked computers. 
e pilot points, and the parameter values in the remaining grid cells are interpolated and 
extrapolated from these. This avoids the use of constant value parameter zones, which are 
unrealistic. PEST was run in parallel mode using Parallel PEST software. This reduces 
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 The most obvious data errors were rectified during early manual calibration runs. Initial 
recharge rates taken from the steady state model were also manually adjusted to improve the 
calibration at this time. PEST was then used in estimation and regularisation modes to ref
the input, with manual adjustments to the data and/or PEST parameters between runs. PEST’s 
regularisation mode uses PEST-generated information to supplement the observation dataset 
and provide numerical stability during parameter optimisation. Regularisation mode produces 
smoother parameter surfaces than estimation mode. 
EST’s Assisted Singular Value Decomposition (SVD-A, Tonkin and Doherty, 2005) 
achieves efficiencies by optimising parameters in groups. It was trialled for its potential to 
reduce the time taken for runs, but was rejected because: 
1. PEST parameters reaching their bounds were not freed during subsequent 
optimisation iterations, and 
2. each SVD-A run must be preceded by a sensitivity run, so there are two PEST 
runs per SVD-A run. This added a day to the processing time for each 
optimisation run. 
nal calibration run, PEST, in estimation mode, adjusted pilot point values for 
5 parameters: Kh, vertical leakage, recharge multiplier, thickness multiplier and storage 
multiplier. Pilot point bounds were set in the PEST control file. The bounds of all Kh pilot 
points were 0.1 m/day and 20 m/day. Vertical leakage bounds were set individually for the pilot 
points based on their location in the Basin (as described in Section 5.2.7), and on the results of 
earlier calibration runs. The recharge and thickness multipliers were able to vary those 
parameters by between half and double. The storage multiplier was held constant at 5 x 10-6 
over the confined parts of the aquifer and allowed to vary up to 0.3 times the layer thickness in 
the unconfined parts. As neither thickness nor Kh are used individually in the model, the 
comb h during calibration could effectively move Kh beyond the set bounds. 
h, aquifer thickness and vertical leakage, one pilot point was positioned over each 
calibration bore and others were positioned so the pilot point density changed gradually over 
the model area (Figures 5.6 and 5.7). Storage pilot points were evenly distributed over the 
recharge areas with one fixed point for the confined part of the basin (Figure 5.8). Recharge 
points were more densely distributed over the recharge area because this is a more sensitive 
parameter that could change rapidly over short distances in response to, for example, soil, land 
cover or stream leakage (Figure 5.7). Kh and aquifer thickness pilot points were coincident. A 
tally  points used in the final calibration is listed in Table 5.4. 
During each execution of the model run batch file the parameters being adjusted were 
subst the 
starting heads for the 1965-2000 model. The MODFLOW-generated heads from the 1965-2000 
ine 
P
In the fi
ined changes to bot
For K
of pilot
ituted into both the 1960-65 and 1965-2000 models. The 1960-65 model produced 
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 model were interpolated to the observation bore sites and times, then corrected for local 
pumping effects using Equation 5.4 (after Lerner, 1989).  
⎟⎠
⎞⎜⎝
⎛ ∆
π=∆ D
x
T
QH 208.0ln
2
 5.4 
igure 5.6: CADN layer model transmissivity and locations of the pilot points used in 
e transient calibration. 
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Figure 5.7: CADN layer model recharge and vertical leakage and locations of the 
ilot points used in the transient calibration. p
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Figure 5.8: CADN layer model storage coefficients and locations of the pilot points 
used in the transient calibration. 
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 Table 5.4: Tally of pilot points used in the model calibration.  
Component No. of pilot points
Kh 466
Recharge 306
Vertical leakage 465
A f
Storage 45
T A
qui er thickness 466
OT L 1,748
 
The  D, of 15 cm and 
used flow r
MODFLOW 
which avera bore, reduced the modelled heads so that they resembled 
productio
differences w
PEST m
2. e between modelled and observed hydraulic head values at the end of 
Objectiv shape of the observed 
hydr
ater levels. Objective 3, which prevents vertical leakage dominating 
the w
nt differences, less sensitive to changes in absolute head differences, 
and 
Watermark Computing, November 2006). 
se corrections, ∆H, were calculated assuming internal bore diameters,
ates, Q, from the MODFLOW Well File and transmissivities, T, from the 
Block Centred Flow Package input. The cell width, ∆x, is 5 km. The corrections, 
ged 1.8 metres per 
n bore observed heads. Individual site sample files of modelled and observed head 
ere then generated.  
inimised 3 objectives: 
1. the difference between modelled and observed head gradients with respect to time 
over 1-year intervals, 
the differenc
each 1-year stress period, and 
3. the magnitude of the vertical leakage at the relevant pilot point locations.  
e 1 favours a parameter set that best reproduces the 
ographs without regard for the actual water levels. Objective 2 favours a parameter set that 
best reproduces actual w
ater balance, was implemented in the prior information section of the PEST control file by 
setting the preferred values of leakage at the pilot points to zero. As discussed in Section 5.5, 
the model is fairly insensitive to leakage, so large changes in leakage are required to 
significantly affect the calibration. 
The observations in these groups were weighted so the total objective was most sensitive 
to changes in head gradie
the least sensitive to changes from the vertical leakage preferred value. This reflects the 
relative importance of the model’s potential uses, these being respectively: to simulate the 
impact of changing bore flows, to more generally inform water management plans and to 
provide an estimate of the water balance. Calibrating to hydraulic head gradients, as described 
above, is mostly ignored by groundwater modellers (personal communication, John Doherty, 
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 There is no comprehensive set of bores used exclusively for monitoring across the basin. 
The most desirable calibration bores are those with the largest number of head and flow 
meas
or the following reasons: 
1. flow rate and head did not appear to be logically related, which suggested the data 
might be unreliable; 
2. water levels and/or water level trends were inconsistent with those in nearby 
bores; 
3. fewer than 2 head and 2 flow measurements since January 1960; 
4. a flow rate change between adjacent flow measurements of greater than 5 L/s, or 
greater than double or less than half of the previous measurement if the difference 
is more than 2 L/s; 
5. the maximum head change over the whole measurement period of the bore was 
less than 0.01 m/year, because very small head gradients give bad derivatives 
from head differences during calibration; 
6. insufficient head measurements to reflect the recorded flow rate changes, or 
insufficient flow rate measurements to enable the recorded head variations to be 
duplicated; 
7. proximity to a bore that is more suitable for calibration; and 
8. PEST’s MOD2OBS routine could not generate modelled heads at the bore 
location because it was too close to the model boundary. 
oints (4) and (5) above were tested against a sample of bores to check that they excluded 
the least desirable bores. 
B sub-artesian bores usually have low discharge rates, it could be assumed that the 
water table elevation in the recharge areas did not change much during the calibration period. 
So, to prevent undesirable edge effects during calibration, early PEST runs also included 
conceptual bores with fixed heads around the basin margin. These were removed following 
advice that PEST’s head gradient derivatives would be unstable (John Doherty, Watermark 
Com uting, May 2004). 
he aim for the final PEST run was to reduce the number of calibration bores to about 200 
based on the work of Merrick (1999). He found that an exclusion radius of 20 km gave the 
small work that would be sufficient to describe the observed head distribution without 
undue deterioration of the resolution of the spatial head variations. The locations of the 
calib and 
urements during the calibration period because a good time series of measurements 
provides confidence that all flow and head variations have been captured. A good spatial 
coverage by the calibration bores was also sought.  
Potential calibration bores were rejected f
P
As GA
p
T
est net
ration bores sets the spatial resolution of the variations in the aquifer attributes, 
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 Locations of the 254 calibration bores used in the development of the 
ansient model. 
es a reasonably smooth transition in the spatial parameter variations between calibration 
bores. 
The locations of the final 254 calibration bores are shown in Figure 5.9. The Olympic 
Dam monitoring bores in SA have the best measurement histories, and many NSW bores are 
well monitored. Unfortunately Queensland and the NT, which combined cover more than half 
the modelled area, have had poor monitoring. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9:
tr
 Subsequent to the last PEST run some marginal recharge areas with no calibration bores, 
which were generally not those areas covered by the Queensland recharge study, had 
y high 1 nces. Based on that heads in the 
houl  the e 
areas were manually anomalies.  
bore locations but degraded it at others. Such bores jacent, highlighting the 
bo
5.3 Mo
The following  final r 
published data for the GAB and finish with a discussion of the model water balance. 
 Dis
The total mode rom r 
bores, 50 GL/year from springs, 0 GL/year from petro  of 
 GL
petroleum wells) in  G , 
50 GL/year from spri  petroleum w
Table 5.5 compares the model discharge rates with published rates. The model discharge 
stim e  
achievable yield, rat te, an rates of free-
owing bores will have continued to diminish since their last measurements.  
 
 
unacceptabl 965-2000 head differe  on the assumpti
recharge areas s d remain sub-artesian during
 adjusted to reduce the 
calibration the recharge rates in thes
 This improved the calibration at some
 were often ad
inadequacy of the re monitoring data. 
delling results 
sub-sections compare the model parameter values with othe
5.3.1 charge rates 
lled discharge rate increases f  604 GL/year (554 GL/year from wate
leum wells) in 1965 to a maximum
663 GL/year (607 GL/year from water bores, 50
1995, and drops slightly to 660
ngs, 5.7 GL/year from
/year from springs, 5.6 GL/year from 
L/year (604 GL/year from water bores
ells) in 1999.  
rates are an overe ate of the actual rates due to th
her than typical discharge ra
 database entries that record maximum
d because the discharge 
fl
 
 
 
 
 
 
 
 
 
 
 
 
   111
 Table 5.5: Comparison of the transient model discharge rates with published 
discharge rates.  
Reference Published flow rate Model flow rate 
Barclay (2001) 300 GL/yr for all Qld GAB 
bores in the year 2000 
437 GL/yr for the Qld part of the 
CADN layer south of the Gilbert 
River in 1999 
Oehlerich (2001) 789 GL/yr for the entire GAB, 
with 74 GL/yr from NSW, 
65 GL/yr from SA, 1.4 GL/yr 
from NT in the year 2000 
604 GL/yr for all bores, 85 GL/yr 
from NSW, 74 GL/yr from SA, 
7.3 GL/year from NT for the CADN 
layer south of the Gilbert River in 
1999 
Welsh (2000) 501 GL/yr for water bores, 
34 GL/yr for springs in 1960 
554 GL/yr for water bores, 
50 GL/yr for springs for the same 
horizon over the same area in 1965 
Radke et al (2000) 570 GL/year for water bores, 
50 GL/year for springs for the 
whole GAB in 2000 
604 GL/yr for water bores, 
50 GL/yr for springs for the CADN 
layer south of the Gilbert River in 
1999 
GABCC (1998b) 20 GL/yr from petroleum wells 
for the whole GAB in 1998 
4.9 GL/yr from petroleum wells in 
the CADN layer in 1998 
 
5.3.2 Aquifer thickness 
lthough the Surat and Eromanga Basin (Figure 4.3) depocentres (Habermehl and Lau, 
1997 inent, the estimated aquifer thickness is more variable than that developed 
for the steady state model. The model layer thickness varies from 1.5 m to 1409 m and 
averages 202 m. The greatest estimated aquifer thickness is in the north-east of the Surat Basin, 
near the model boundary south of Chinchilla. 
alibration bores are sparse in north-eastern SA. The local maximum and minimum here 
are driven by the locations of the pilot points. 
5.3.3 Horizontal hydraulic conductivity (Kh) 
Kh cover the full range available, which was 0.1 m/day to 20 m/day, and 
average 6.9 m/day (Figure 5.10). It is lowest over the deepest parts of the Basin and over the 
Coonamble Embayment, in general agreement with Radke et al. (2000:112). They conclude 
(200  of 
groundwater ed to both the reduced permeability from compaction 
and cement occlusion of porosity, as well as structural disruptions to the aquifer’.  
A
) are still prom
C
Values of 
0:2) from the available hydrochemical data and scientific literature that ‘an impedance
flow at depth appears link
   112
    113
In documenting the development of the whole-of-basin GABSIM model Audibert (1976) 
lists 292 estimates of Kh from hydraulic tests for the Cadna-owie – Hooray and equivalents in 
Queensland and NSW. The values range from 0.02 m/day to 82 m/day with a mean of 
3.7 m/day and a median of 1.1 m/day. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0: Model layer horizontal hydraulic conductivity (Kh) used in the 
calculation of transmissivity. 
 
 
 
 
 
 
Figure 5.1
 RUST PPK (1994) determined permeability in the Longsight Sandstone for the 
Cannington and Osborne mines model (Figure 4.1), which are near the western Basin margin 
about 450 km south of the Gulf of Carpentaria coastline. Values of the 6 hydraulic tests range 
from
995) groundwater model developed for the 
Erne
.1 m/day to 
20 m
penetrated the full thickness of the aquifer. 
Thei
lues of Kh ranging from 0.001 to 40 m/day. This is a 
wider range than in the transient GAB model, but there are some similarities in the distribution 
of Kh v  Coonamble Embayment and the central 
Erom
ising five parameters simultaneously required 
tight
ve 
been
 1 to 13.1 m/day with a mean of 6.3 m/day. Values of Kh in this area of the GAB model 
range from 0.1 m/day to 20 m/day, and have more spatial variability than those in the 
Cannington and Osborne mines model. 
Values of Kh for the Woodward-Clyde (1
st Henry Mine, which is near the western Basin margin about 300 kilometres south of the 
Gulf of Carpentaria coastline, were determined during calibration. The values range from 
2 m/day to 60 m/day. Values of Kh in this area of the GAB model range from 0
/day and are generally lower than those in the Ernest Henry Mine model. 
Berry and Armstrong (1995) give results of permeability measurements from 25 fully 
penetrating bores for their Olympic Dam GAB95 model, which is located near the southern 
Basin margin in SA. Values range from 1.6 m/day to 18.5 m/day with a mean of 8.9 m/day and 
a median of 8.0 m/day. Ten more bores were drilled and tested for their updated model, Odex1 
(Armstrong and Berry, 1997). Not all these bores 
r Kh values range from 0.5 m/day to 22 m/day with a mean of 7.0 m/day and a median of 
3.7 m/day. Values of Kh in this area of the GAB model are higher, at about 20 m/day. 
Hopkins’ (1996) North Star steady state model (Figure 4.1) is located on the eastern Basin 
margin near the Queensland-NSW border. The model was calibrated with Kh values ranging 
from 0.5 m/day to 20 m/day. Values of Kh in this area of the GAB model are similar. 
The steady state GAB model used va
alues. Both models have low values over the
anga Basin, and high values in western Queensland, SA and around Augathella in 
Queensland. The greatest difference is in northern Queensland. 
Although there is evidence of measured Kh values in excess of the 20 m/day limit applied 
in PEST, this was chosen based on experience from early PEST runs, when PEST generously 
embraced its upper limit of 100 m/day. Optim
 constraints to encourage all parameters to adopt sensible values.  
5.3.4 Transmissivity 
The steady state GAB model used transmissivity values averaging 897 m2/day but ranging 
up to 10,033 m2/day (Figure 4.8). The highest values overlie the Eulo-Nebine Ridge and result 
from an attempt to model some anomalously high observed heads that should perhaps ha
 discarded. 
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 Transmissivity values in the current model reach a maximum of 22,629 m2/day, but have a 
mean of 1,389 m2/day over the whole model and are less than 5,000 m2/day over 92 % of cells 
(Figure 5.6). 
Audibert (1976) lists 336 estimates of transmissivity from hydraulic tests for the Cadna-
owie
95) give results of transmissivity measurements from 25 fully 
pene
2/day. Values of transmissivity 
in th
 values may be compensating for low 
magnitude vertical leakages (Figure 5.7). 
areas ranges from 8 x 10-6 to 0.155. The mean 
stora
r the modelled 
aquif
he mean porosity is 0.21; the median is 0.23. The mean storage coefficient is 
2.5 x
 model are similar to these 
measurements. 
 – Hooray and equivalents in Queensland and NSW. The values range from 0.1 m2/day to 
2,295 m2/day with a mean of 126 m2/day and a median of 45 m2/day. These values are lower 
than those used in the same area of GAB model. 
Woodward-Clyde (1995) use values of transmissivity ranging from 100 m2/day to 
2,250 m2/day in the Ernest Henry model. Values of transmissivity in this area of the GAB 
model are similar, but are more spatially variable, and peak at about 6,000 m2/day. 
Berry and Armstrong (19
trating bores for their GAB95 model. Values range from 5 m2/day to 380 m2/day with a 
mean of 195 m2/day and a median of 210 m2/day. Results from the 10 additional bores drilled 
and tested for the Odex1 model (Armstrong and Berry, 1997) ranged from 0.1 m2/day to 
3200 m2/day with a mean of 866 m2/day and a median of 255 m
is area of the GAB model are similar to these. 
Field measured spot values of transmissivity, many from bores not fully penetrating the 
aquifer and near the Basin margin, do not approach the larger values used in the model. 
Transmissivity peaks of over 15,000 m2/day in the transient model occur in the northern and 
western (east of the Nebine Ridge, Figure 4.3) parts of the Surat Basin, and west of the 
Birdsville Track Ridge in SA. High transmissivity
5.3.5 Storage coefficient 
Fixing the storage coefficient in the confined parts of the aquifer at 5 x 10-6 times the 
aquifer thickness in metres gave storage coefficients of 7 x 10-6 to 7 x 10-3 in the non-recharge 
parts of the model. Specific yield in the recharge 
ge values are 1.1 x 10-3 and 2.6 x 10-3 respectively (Figure 5.8). The maximum specific 
yield occurs in the Queensland recharge beds.  
Audibert (1976) lists 61 porosity and storage coefficient estimates fo
er from petroleum exploration wells. They were calculated from acoustic (sonic) logs 
using an approximate relation between transit time of an acoustic pulse through a rock and the 
rock’s porosity. T
 10-4; the median is 2.4 x 10-4. Values of specific yield in the GAB model are smaller, 
while specific yield in the confined parts of the Basin are larger, than these measured values. 
RUST PPK (1994) list 2 storativity values for the Longsight Sandstone. The mean of these 
is 2.7 x 10-4. Storage coefficient values in this area of the GAB
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 Woodward-Clyde (1995) determined storage parameters from a 35-day trial dewatering. 
Unconfined aquifer storage, Sy, was 0.1, and confined storativity, S, was 5 x 10-4. Values of 
specific yield for the confined aquifer in this area of the GAB model are similar; the aquifer is 
not unconfined in this area of the GAB model. 
Hopkins’ (1996) groundwater model used a specific yield, Sy, of 0.10, and a confined 
storage coefficient, S, of 1 x 10-5. The specific yield in this area of the GAB model is lower, at 
about 0.0003, and the confined storage coefficient is higher, at about 0.001. 
Oehlerich (2001) applied a storage coefficient of 3 x 10-4 to all active model cells when 
converting th  
recovery ar
coefficient in
Ave ge odel is an order of magnitude larger than 
other
 
However, the recharge areas are likely to be of little interest in modelling scenarios, which 
simulate drawdown and recoveries resulting from changed bore discharge in artesian or 
poten
 (33 mm/year) but averages 6.7 x 10-6 
m/da
t and west margins of the GAB in that model. 
The 
e GAB steady state model into a transient model to obtain an estimate of pressure
 t gets. This is about an order of magnitude smaller than the average storage 
 the GAB model. 
ra  confined storativity in the transient m
 measured and applied values, which, with the exception of some of the Audibert values, 
are from the Basin margin. Other GAB models use constant storage coefficients. The transient 
model has a low sensitivity to changes in groundwater storage. 
Specific yields were derived during the calibration in response to the needs of the 
calibration hydrographs. The calibration is not well constrained in the sub-artesian areas due to 
a lack of suitably monitored bores, and some values of specific yield are lower than expected.
tially artesian confined areas of the basin. 
5.3.6 Recharge 
Modelled recharge varies up to 9.0 x 10-5 m/day
y (2.4 mm/year) over the designated recharge cells (Figure 5.7). The highest rate of 
recharge occurs north-east of Hughenden where the recharge area is at its maximum elevation 
on the Great Dividing Range. 
Woodward-Clyde (1995) indicates the area to which recharge was applied but not the 
recharge rates. Recharge cells line both the eas
GAB model only includes recharge along the eastern margin of the Basin. 
Hopkins (1996) used a rate of 30 mm/year for the recharge beds in that model on the 
eastern GAB boundary. The recharge in this area of the GAB model is lower, ranging from 0.7 
to 8.4 mm/year. 
The mean recharge over all recharge cells in the steady state model (Figure 4.9) is 
5.4 mm/year, which is approximately twice that in the transient model. The maximum rate of 
recharge, 204 mm/year, occurred north-west of Mitchell and was related to the calibration 
problem over the Eulo-Nebine Ridge mentioned in Section 5.3.4.  
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 Love et al. (2000) estimated the recharge rate in the southwest of the Basin from chloride 
mass balance to be 0.16 mm/year ± 0.08 mm/year over the past 30,000 years. The areas of the 
mode
t measured: 
o 2.4 mm/year by chloride mass balance; 
e Queensland 
recharge project area, are reasonable when compared to the measured values, which average 
11 mm/ probably more realistic than those in the steady state 
mode
-6 -6
akage. 
ea of the GAB model is 
0.10 t
lls. The distribution of net vertical leakage in the steady state and transient GAB 
models is generally dissimilar. The exceptions are the net vertical leakage into the model 
aquifer in Queensland near the border with SA, and low net leakage rates over the Carpentaria 
Basin. An area extending from NT, through north-eastern SA, and along the Queensland/NSW 
l receiving recharge that would flow along the two transects sampled by Love et al. have 
recharge rates ranging from 0.03 to 0.73 mm/year, with an average rate of about 0.18 mm/year. 
The Queensland recharge project (Kellett et al., 2003) quantified recharge rates over most 
of the outcropping or sub-cropping Hooray and Hutton Sandstone aquifers. Their 
measurements indicated that there is a general trend of recharge rates increasing northward. 
The projec
• diffuse recharge rates of 0.03 mm/year t
• preferred pathway recharge rates of 0.5 mm/year to 28.2 mm/year attributed to the 
episodic nature of rainfall and the stratified nature of the aquifer; and 
• river recharge rates up to 30 mm/year. 
Although the GAB model recharge rates are high in the north of the Queensland recharge 
project area, they are more spatially variable, with a mixture of high and low values over the 
project area. The transient model recharge rates, which average 8 mm/year over th
year over the same area, and 
l. The model supports a position that recharge is less than has been previously estimated.  
5.3.7 Vertical leakage 
Modelled net vertical leakage rates range from -2.6 x 10  to 3.5 x 10  m/day, i.e. from 
0.94 mm/year out of the model aquifer to 1.3 mm/year into the model (Figure 5.7). The mean 
over all vertical leakage cells is 3.6 x 10-8 m/day into the model aquifer. The southern discharge 
springs generally overlie areas of net outward le
Woods (1990) used water table leakage rates to estimate GAB artesian aquifer leakage 
rates. He measured leakage rates of 0.5 mm/year to 4.5 mm/year (i.e. 1.4 x 10-6 m/day to 
12 x 10-6 m/day) south of Lake Eyre (Figure 4.1). Woods also showed, however, that leakage 
rate is proportional to water table depth. Net vertical leakage in this ar
o 0.36 mm/year out of the model aquifer. 
A maximum inward leakage of 75 mm/year in the GAB steady state model was associated 
with the difficult heads in the Eulo-Nebine Ridge. The maximum outward leakage was 
88 mm/year in north-west NSW, near outcropping basement. The average leakage was 
1.2 mm/year into the model layer over 15,542 model cells and 0.9 mm/year out of the model 
over 27,036 ce
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 state leakage in the 
transie
Vertical leakage m are only available as estimates urements of 
water table leakage rates. The transient model leak e well within these measured 
rates and are intentionally clear from the large differences in the maximum 
leakage rates between the steady state and the transient models that minimising vertical leakage 
during alibration has h pact. These ra f diffuse ver leakage are 
heuristic. 
 Modelled water levels 
Figure 5.11 compares the 01/01/2000 temperature-corrected observed hydraulic heads 
from the calibration bores with the modelled heads for the same time. Only  of the 253 
calibra n bores have he  spanning 01/01/2000. Of these 82 sites, 73% have 
head residuals of less than 10 m and 43% have head residuals of less than 5 m he residuals 
are low st over the sout  where GAB groundwater devel nt has been 
greatest. The modelled m d residuals  -26 m to 21 
he modelled water balance components for the 1965-1999 calibration period are 
tabul
ter from the artesian aquifer 
and 
alibration bores. The model suggests the Basin was not in a state 
of eq
 border has no leakage in the steady state GAB model, but has a net outward 
nt GAB model. 
easurements from meas
age rates ar
 conservative. It is 
 c ad a significant im tes o tical 
5.3.8
 82
tio ad measurements
. T
e heast of the model opme
inus observed hea  range from m. 
5.3.9 Water balance 
T
ated and plotted in Appendix D, and summarised in Table 5.6. Well discharge forms the 
largest component and is approximately double the recharge from the basin margin.  
Net vertical leakage, which was minimised during calibration, is only 12 % of the total 
outflows from the model layer, and 25 % of the total inflows. Actual leakage rates are likely to 
be higher because the reported values are the residual (net) flows after leakage inflows and 
outflows are cancelled out in each model cell.  
The steady state GAB95 model vertical leakage removes wa
is 32 % of the total model outflows (Berry and Armstrong,1995:23). Net vertical leakage 
over the same area of the GAB model is dominantly out of the modelled aquifer, but is into the 
aquifer along the west and south-west edge of the GAB95 model area. 
Discharge to the sea is 1.6 % of total discharges. Inflow from the sea, at 0.26 % of total 
inflows, is probably within the errors of the model and is not supported by salinity 
observations. This apparent inflow occurs at the western end of the Gulf of Carpentaria 
boundary where there are no c
uilibrium over the 1965-2000 period: outflows have on average exceeded inflows by over 
300 GL/year. 
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 Table 5.6: GAB transient model water balance for 1/1/1965 to 31/12/1999.  
Flow direction Water balance 
component 
Range of 
values
Average value 
(GL/year) 
(GL/year)
IN Recharge 323 323 
 Vertical Leakage 106 106 
 Sea water 0.7 – 1.3 1.1 
 TOTAL inflow 430 – 431 430 
OUT Water bores 554 – 607 591 
 Springs  50 50 
 Petroleum wells 0 – 5.7 1.5 
 Vertical leakage 88 88 
 Coastal discharge 9.6 – 15.0 11.5 
 TOTAL outflow 707 – 760 742 
Change in storage -330 – -277 -312 
 
Radke et al. (2000:50) summarise the water balance for the whole basin with rainfall and 
river recharge estimated at 1,000 GL/year and sub-surface flow and vertical leakage estimated 
at 380 GL/year. The GAB model recharge rate is consistent with this estimate, given that 
Kellett et al. (2003:vi) estimate higher recharge rates for the topographically higher 
outcropping sandstones that recharge the GAB, but are not included in this GAB model. It is 
difficult to compare vertical leakage rates because the model uses net leakage. The net outward 
leakage in the model is 23 % of the estimate given by Radke et al. 
ertical leakage in the steady state model is 40 % of total inflows and 53 % of total 
outflows (Table 4.3), greatly exceeding the rates in the transient model, and confirming that its 
mini isation has had a significant impact. Such large differences in vertical leakage are 
enabled by the low sensitivity of the modelled heads to vertical leakage during calibration. 
Recharge, at 708 GL/year, is more than double that in the transient model. Coastal discharge to 
the Gulf of Carpentaria is similar at 1.0 % of outflows, and combined spring and bore 
discharges are 535 GL/year.  
ellett et al. (2003:viii) report a recharge rate of 265 GL/year for the Queensland Hooray 
Sandstone and equivalent recharge beds studied. This does not include any downward leakage 
through sandy facies of the overlying confining beds on the basinward side of the recharge beds 
wher l is 
abou  measured rate. 
V
m
K
e the aquifer is unconfined. The recharge rate over the same area of the GAB mode
t 30 % lower than this
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The recharge in the current model is in broad agreement with the Kellet et al.’s (2003) 
Quee
These water balance results contribute to Basin groundwater sustainability discussions in 
the 200 nt Plan (Reeves and Breckwaldt, 2006:49). 
 
 
 
 
igure 5.11: Modelled and observed (temperature-corrected to 25° C) hydraulic 
eads for 1/1/2000.  
nsland recharge study. The magnitudes of the water balance components are generally 
smaller than those from the steady state model, but are broadly consistent with and Radke et 
al.’s (2000) water balance summary. 
6 review of the GAB Strategic Manageme
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5.4 Model validation and uncertainty 
he following Sections evaluate the calibration, compare the calibration statistics with 
those from other GAB groundwater models and verify the model output using data that were 
not available during the modelling. 
5.4.1 Statistical measures 
istogram frequency values of the residuals, which are calculated as: (1) measured minus 
modelled hydraulic head gradients, and (2) measured minus modelled temperature-corrected 
hydraulic head values, for all stress periods from 1965 to 1999 are shown and listed in 
Figures 5.12 and 5.13 respectively. Both graphs show that the residuals peak near 0 metres, 
indicating very little bias in the calibration. The lack of accuracy in some ground surface 
elevations will have increased the head difference residuals. The performance of the calibration 
with respect to head gradients is affected by the paucity of bore monitoring records.  
Other performance measures for all stress periods of the calibration against both hydraulic 
head  for 
these measures are listed in Appendix A and discussed in Section 2.7. All weightings were set 
to unity.  
 
 of measured minus modell d residuals for hydr head 
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Figure 5.12: Histogram e aulic 
gradients. 
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Figure 5.13: Histogram of measured minus modelled residuals for hydraulic head 
values. 
 
 
Table 5.7: Statistical performance measures for the transient calibration.  
Performance measure Head 
gradient
Units Temperature-
corrected head 
Units 
Sample size 4,066  4,320  
Range of measured values 18 m/yr 368 m 
Sum of residuals (SR) 1,098 m/yr 26,308 m 
Mean sum of residuals (MSR) 0.27 m/yr 6.1 m 
Scaled mean sum of residuals (SMSR) 1.5 % 1.7 % 
Sum of squares (SSQ) 1,020 (m/yr)2 422,970 m2
Mean sum of squares (MSSQ) 0.25 (m/yr)2 98 m2
Root mean square (RMS) 0.50 m/yr 9.9 m 
Root mean fraction square (RMFS) 9,867 % 40 % 
Scaled RMFS (SRMFS) 92 % 20 % 
Sca
Correlation coefficient (R) 0.42  0.99  
Coefficient of determination (R2) 0.18  0.98  
led RMS (SRMS) 2.8 % 2.7 % 
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As noted in Section 2.7, SMSR and SRMS ratios are independent of sample size, range in 
easured values and choice of datum. Murray-Darling Basin Commission (2000:45) and Hugh 
iddlemis, Aquaterra Consulting Pty Ltd, and Noel Merrick, University of Technology Sydney 
ersonal communication, July 2005) suggest they should be low, for example less than 5 %. In 
is case SMSR values are 1.5 % and 1.7 %, and SRMS values are 2.8 % and 2.7 %. Values of 
 for R and R2 would indicate a perfect calibration.  
Measured and modelled heads and head gradients for all stress periods of the calibration 
re plotted in Figures 5.14 and 5.15. The hydrographs for a selection of calibration bores are 
lotted and discussed in Appendix E. Being calculated as the difference between two observed 
ead values, the head gradients have double the potential error of the individual head values. In 
ddition, any errors in head gradient are magnified because the difference between adjacent 
ead values is small. Consequently the uncertainty in head gradients is greater than the 
ncertainty in head values.  
 
 
 
 
 
 
igure 5.14: Modelled versus measured hydraulic head values from the transient 
alibration bores. 
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igure 5.15: Modelled versus measured hydraulic head gradients from the transient 
ration bores. 
 
l for the Ernest Henry mine covers most of the Carpentaria Basin. The calibration 
RMS
e area of the GAB in SA. Statistics for 
the 1983 a hor from the reported observed and 
modelled hea able 5.8. The GAB steady state model was 
evaluated ag error is 
4.5 m
F
calib
5.4.2 Comparison with other GAB models 
Few calibration statistics are available for other GAB models. The Woodward-Clyde 
(1995) mode
 error is 16.4 metres; the SRMS error is 5.3 %. Berry and Armstrong’s (1995) GAB95 
model is well-documented and covers almost 50 % of th
 ste dy state calibration were calculated by the aut
ds at the bore sites and are listed in T
ainst all model cells, rather than just the bore locations. The RMS 
etres; the SRMS error is 0.82 %. 
As discussed in Section 2.7, the only independent measures from the above list are SRMS, 
SMSR and R2. With a SRMS of 2.7 %, a SMSR of 1.7 % and a R2 of 0.98 for the hydraulic 
heads (Table 5.7), the current calibration compares favourably with the modelling guideline 
(Murray-Darling Basin Commission, 2000) recommendations and with the available statistics 
from other GAB models.  
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 Table 5.8: Calibration statistics for the Olympic Dam GAB95 model.  
Statistic value unit 
Sample size 64  
SSQ 10,311 m2
MSSQ 161 m 
RMS 13 m 
SRMS 10 % 
RMFS 31 % 
SRMFS 16 % 
SR 574 m 
MSR 9.0 m 
SMSR 7.1 % 
R2 0.8  
 
5.4.3 Model verification 
Comparison of model predictions against observed water levels that were not used in the 
calibration process was possible for the Olympic Dam bores because these were frequently 
monitored.  
he calibrated model was run in prediction mode to 31/12/2004 with the MODFLOW 
Well File modified to include the discharge rates from: 
1. bores rehabilitated under the GABSI scheme, 
2. Olympic Dam production bores, and 
3. other SA bores for which recent discharge measurements were available. 
odelled and observed hydrographs for all the Olympic Dam monitored bores used in the 
calibration are shown in Figures 5.16 and 5.17. The locations of these bores are shown in 
Figure 5.18. Both model predicted hydraulic heads and observed water levels in the validation 
period are coloured red in the plots. Note that bores 633800023 and 633800024 are in adjacent 
model cells. Their different observed water level trends illustrate that in some parts of the Basin 
the c  of 
the validation (4 stress periods) is barely sufficient to validate the calibration, the plots show 
that the predicted water levels follow the same trends, compared to the observed water levels, 
both during and after the calibration period. This suggests that, for this period of time in this 
part of the GAB, the calibration is as valid as for the 1965-2000 calibration period. 
T
M
ell size is too coarse to adequately represent the hydrogeology. Although the timeframe
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Figure 5.16: Modelled and observed hydrographs for Olympic Dam monitoring 
ols indicate model validation period.) bores, SA. (Red symb
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F
bores, SA. 
igure 5.17: Modelled and observed hydrographs for Olympic Dam monitoring 
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Figure 5.18: Olympic Dam monitoring bores used in the transient model validation. 
 
 
 5
e model from its calibrated setting (Murray-Darling 
Bas ainty will not be accurate. It should, 
how s in the model. 
sed by a factor of 0.5; non-linear parameters (transmissivity 
and storage coefficient) were increased by a factor of 3/2 and decreased by a factor of 2/3. 
Thes
  
 
.5 Sensitivity analysis 
A sensitivity analysis was performed to rank the parameters in order of their influence on 
model results. This process perturbs th
in Commission, 2000:52), so the quantified uncert
ever, be a useful indicator of the important parameter
For each sensitivity run the SRMS, SMSR and R2 calibration statistics were evaluated and 
the final modelled heads were averaged (Table 5.9). Sources and sinks (recharge, leakage and 
wells) were increased and decrea
e represent plausible parameter variations, rather than estimates of uncertainty in the 
parameters. Only one parameter was changed per model run.  
 
Table 5.9: GAB transient model sensitivity analysis results.
Scenario 
 
SRMS 
 
SMSR 
 
R2
Av. 31/12/1999 
modelled head (m) 
Calibrated model 2.69 (0.00) 1.65 (0.00) 0.982 (0.000) 168.7 (0.0)a
Recha 0) 2.14 (0.49) 0.970 (-0.012) 162.5 (-6.2) 
Rec
4.44 (1.75) 3.12 (1.47) 0.971 (-0.011) 159.4 (-9.3) 
Transm
rge x 0.5 3.69 (1.0
harge x 1.5 3.31 (0.62) 2.08 (0.43) 0.970 (-0.012) 175.0 (6.3) 
Leakage x 0.5 2.85 (0.16) 1.79 (0.14) 0.980 (-0.002) 167.8 (-0.9) 
Leakage x 1.5 2.66 (-0.03) 1.67 (0.02) 0.983 (0.001) 169.8 (1.1) 
Wells x 0.5 3.78 (1.09) 2.79 (1.14) 0.972 (-0.010) 178.2 (9.5) 
Wells x 1.5 
issivity x 0.67 3.30 (0.61) 2.33 (0.68) 0.980 (-0.002) 168.2 (-0.5) 
Transmissivity x 1.5 3.18 (0.49) 2.18 (0.53) 0.977 (-0.005) 169.6 (0.9) 
Storage coeff. x 0.67 2.82 (0.13) 1.78 (0.13) 0.981 (-0.001) 167.3 (-1.4) 
Storage coeff. x 1.5 2.69 (0.00) 1.65 (0.00) 0.982 (0.00) 169.5 (0.8) 
(a) The values in brackets are the differences between the calibrated model and the sensitivity 
scenario. 
 
Increasing the storage coefficient has the least effect on the model, while increasing the 
well discharge rate has the greatest effect. The order of increasing model sensitivity to 
parameter perturbations is:  
storage → leakage → transmissivity → recharge → wells 
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 The area adjacent to the recharge cells near Hughenden in Queensland was found to be the 
most sensitive to changes in recharge rate. This is the area of highest elevation and steepest 
hydraulic gradient over the model grid.  
5.6 Model applications 
The model was used to predict water level recoveries and water balances from three bore 
rehabilitation scenarios. For each scenario the recovery is the difference between ‘before’ and 
‘afte  model runs. As Section 5.4 describes, there is some uncertainty in these results, but this 
has not been quantified. 
or the GAB, modelled heads relative to AHD are not realistic because the model uses 
density-corrected heads to maintain the correct horizontal flow directions. These density 
corrections range up to more than 80 m, and both the water temperature and aquifer depth, 
which are required for the corrections, are unknown over large areas of the basin. However, 
changes in hydraulic head are a useful output of the modelling. 
A climate change scenario is not included because the recharge study by Kellett et al. 
(2003) found that, over most of the recharge area studied in that report, the time taken for 
recharge to enter the water table is thousands of years. 
5.6.1 Scenario 1 
 scenario was run to compare the output of the transient and steady state models. For this 
the well file in the steady state model was updated to use the wells and well flows from the last 
stress period (1999) of the transient model. The comparison scenario was the rehabilitation of 
bores under GABSI, which ran for the 5 years from 30 June 1999 to 30 June 2004 and saved 
96 GL/year. 
or the first run of the transient model all springs, water bores and petroleum wells in the 
last stress period retained their 1999 flow rates except water bores rehabilitated under GABSI, 
which were set to their nominated prior-to-rehabilitation flow rates. This stress period was 
extended by 40 years to the end of 2039. For the first run of the steady state model the well file 
was updated with the same prior-to-rehabilitation flows. A forty year duration for the transient 
simulation was chosen because this gave a similar water level recovery to the steady state 
simu tion, simplifying comparison of the distribution of water level recovery. 
or the second run of the transient model four 1-year stress periods and one 36-year stress 
period were added. This last stress period was divided into the same number of time steps per 
year as the earlier stress periods. Springs and petroleum discharges were held at their 1999 flow 
rates suming their prior-to-rehabilitation rates after 
1999 nged to their post-rehabilitation 
flow rates. For the second run of the steady state model the well file was updated with the post-
rehabilitation flow rates. 
r’
F
A
F
la
F
with individual rehabilitated water bores as
 until their rehabilitation year when their flows were cha
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The transient model prediction of the water level recovery 40 years after the completion of 
GABSI, and the steady state model prediction of the new equilibrium recovery are shown in 
Figure 5.19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.19: Scenario 1 modelled water level recoveries. 
 
 The effect of increasing the aquifer thickness and hence the transmissivity in SA is evident 
w l r ing less pronounced in the tr  
This may be more re  bores have sho er water level de  
development than have occurred in NSW and Queens
 in the Warrego, Surat and Eastern Downs gement zones (Figure 4.15) is 
reduced in the transient  be due to the lower recharge rates in the transient 
model (Section 5.3.6). 
The direction of net vertical leakage in the transient model is into the model layer over 
m st of the area of higher recovery over the Barcaldi  Flinders management zones 
(F .15). Vertica his area in the steady sta del is mostly out of the m  
la er. As most of this nderlain by deeper artesian aquifers with recharge beds at higher 
e vations it is reason odelled leakage here ositive. 
Table 5.10 com lances from the stea ate and transient models at  
end of the second model run of both. As noted in Section 5.3.9, the transient model recharge 
and leakage are less than in the ste model. The apparent difference in bore flows is due 
to the use of different software. MODFLOW-88, which is used for the steady state model,  
a gle and double precision FORTRAN var bles, while MODFLOW , 
which is used for the transient model, uses only double precision for its real variables. The most 
important difference is in the total flows. The transient water balance suggests that the GABSI 
rehabilitations have not been sufficient for inflows to balance outflows by about 50 % of the 
wate
 
 
ith the water leve ecovery in SA be
alistic as SA
ansient model (Figure 5.19).
clines sincewn much slow
land. 
Recovery mana
model. This may
o ne and
igure 4 l leakage in t te mo odel
y  area is u
le able that the net m  is p
pares the water ba dy st  the
ady state 
 uses
 combination of sin ia -2000
r bore flow rate, but the steady state model will always show the system as being in 
equilibrium.  
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 Table 5.10: Water balances from Scenario 1 for the transient GAB model.  
Flow direction Water balance 
component 
Steady state – 
equilibrium 
(GL/year)
Transient – January 2040 
(GL/year)
IN Recharge 708 323
 Vertical Leakage 503 106
 Sea water 0.15 1.5
 TOTAL inflow 1,211 430
OUT Water bores 545 543
 Springs  50 50
 Petroleum wells 5.7 5.7
 Vertical leakage 600 88
 Coastal discharge 10 8.4
 TOTAL outflow 1,211 695
Change in storage 0 -265
 
5.6.2 Scenario 2 
his scenario predicts the result of not continuing the capping and piping works beyond 
the 1999-2004 GABSI scheme.  
he first model run simulates flows to the end of GABSI. The well file for the first run is 
the same as the well file for the second run of the transient model in the previous scenario with 
the final stress period having a duration of only 1 year. For the second model run the last stress 
period is extended by 45 years to January 2050. Petroleum and spring discharges are held at 
their 1999 rates in both runs. 
odel predicts that, with no further bore rehabilitations, water 
levels over the basin will continue to fall, dropping by an average of more than 4 m by 2050. 
Large areas of the basin will experience a drop in water level of more than 8 m (Figure 5.20). 
The results also suggest that the NSW bore rehabilitation works carried out in the Coonamble 
Embayment could sustain water levels there if no new bores were drilled. The areas shown with 
increasing water levels near the centre of the basin and on the western basin margin in NT and 
Queensland have no calibration bore coverage. 
ater balances at 2005 and 2050 after the GABSI rehabilitations are listed in Table 5.11. 
Beca raction, 
which is through the constant head cells, and groundwater storage can change. The 
T
T
Under this scenario the m
W
use recharge and vertical leakage are held at constant values, only the seawater inte
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Figure 5.20: Transient modelled recovery for scenarios 2 and 3 a
 Tab
Flow direct I 
to January 
GABSI 
to January 
All remaining 
rehabilitated to 
le 5.11: Water balances from Scenarios 2 and 3 for the transient GAB model.  
ion Water balance GABS
component rehabilitations rehabilitations bores 
2005 
(GL/year)
2050 
(GL/year) 
January 2050 
(GL/year)
IN Recharge 323 323 323
 Vertical Leakage 106 106 106
 Sea water 1.4 1.5 1.4
 TOTAL inflow 430 430 430
OUT Water bores 543 543 154
 Springs  50 50 50
 Petroleum wells 5.7 5.7 5.7
 Vertic 88
oas 8.2 
 TOTAL outflow 696 695 
 i e -2 2
al leakage 88 88 
 C tal discharge 9.4 9.9
308
Change n storag -266 65 12
 
5.6.3 Scenario 3
enario compares th su t of rehabi ating all o igher flowing water es 
t continuin  c ping and p ks nd GABSI.  
ns simulate s o January . The first run is the same as the second 
scenario. For the second run the discharge rates of all non-GABSI water 
 reduced to the median discharge rate of the GABSI rehabilitated bores in each GAB 
ement zone (Table 5.12) an additional 5-year stress period. Petroleum and spring 
discharge rates are held at their 1999 rates in both runs. 
Under this scenario the model predicts (Figure 5.20) that water levels would increase over 
level increases of more than 20 m are estimated for the 
linders (Figure 4.15) and Eulo-Nebine (Figure 4.3) areas, which have experienced the largest 
water le  the Southwest Springs zone is predicted to 
experien tres.  
 
This sc e re l lit f the h  bor
with the result of no g the ap iping wor  beyo
Both model ru  flow  t 2050
run in the previous 
bores are
manag  in  4
most of the Basin. In particular, water 
F
vel declines since development. Most of
ce water level increases of more than 5 me
This scenario is, however, unlikely to be fully realised because: 
   135
 1. town water supply bores are not flagged as such in the data, so were not excluded 
from the modelled rehabilitations; 
2. all jurisdictions plan to reallocate some of the water saved from their bore 
e planned expansion of the Olympic Dam mine will probably increase water 
n if e ad ourc om elsewhere. 
Water balances for the yea  after on ABSI r tations and after all water 
bores are rehabilitated, are listed in Table 5.11. With all bores rehabilitated inflows exceed 
outflows by  80 % of e bore water used in this scenario. This 
sugges ng water distribution sy ould pr ufficient water savings to 
recove  the lost groundwater pressure in the Basin. The water saved by rehabilitating 
the remaining water bores is nearly 4 times the amount of water saved under GABSI, so the on-
grou
GABSI.  
Man
rehabilitations; and 
3. th
usage in SA, eve  som ditional water is s ed fr
r 2050, ly the G ehabili
 122 GL/year, which is nearly  th
ts that modernisi stems w ovide s
r some of
nd works could take about 20 years to complete. 
 
Table 5.12: Median discharge rates of bores rehabilitated under 
agement zone Discharge 
rate (L/s)
 Management zone Discharge 
rate (L/s)
Barcaldine 0.6  Southern recharge 0.3
Central NSW 0.35  Southwest springs SA 0.3
 QLD 2.0   NT 0.3
 SA 0.9  Warrego NSW 0.4
Coonamble 1.7   QLD 1.7
Eastern recharge A 0.15  Western  NT 8.7
Easte
Eastern recharge C 0.15   SA 8.7
Flinders 1.5 arge 
Gulf 0.5   QLD 0.15
Eastern Downs 3.6   SA 0.5
North West 1.2    
rn recharge B 0.15   QLD 2.0
 Western rech NT 0.5
 
ing these 
5.6.4 Scenario sensitivities 
A sensitivity analysis of the scenarios multiplied recharge, vertical leakage, transmissivity 
and storage by 0.8 and 1.2 in eight individual runs per scenario model run. Perturb
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 param 13. 
Increasing vertical leakage
 
le 5.13: Calibration SRMS errors for the model datasets used in the sensitivity 
lysis. 
Perturbation fact 0 1 ch
eters altered the calibration as reflected in the SRMS errors listed in Table 5.
 and storage both reduced the SRMS error slightly. 
Tab
ana
or .8 .0 (no ange) 1.2 
Recharge 9 8 2.2.92 2.68 739 
Vertical ge .736 2.688 2.66
Tra y 4 8 2.
Sto .738 8 2.
leaka
nsmissivit
2
2.90
1 
774 2.68
rage 2 2.68 678 
 
The a d Hughe  and Flinders mana en  is t ost t
parameter anges. ff used pertu io e e
p nt  north Queensland, NSW and NT recharge areas
The changes in average er lev cove ue t  para er val ertur ons
l ted in  as a p entage f the verag base e recoveries. Reducin
transmissivity increases the over eaks t red s the pread hile reasing 
transmissivity has the effect of flattening and sm water level recoveries. 
Reducing storage increases th easing storag  
reduces the eries. For Scenarios 1 and 3 changes to recharge and vertical leakage have a 
negligible effect. However, for enario changing the recharge rate has a large im t ov
the Flinders zone and the adjacent area nd H ende
 
Table 5.14: Average change in water level recovery for each parameter perturbation 
as a p  of the turbe enari
Scenario Rech  
 
R
x 1.2 
L
x 0.
Leak 
x
Trans 
 
ns 
2 
r  
8 
to
1.
rea aroun
value ch
nden
Edge e
the 
ects ca
gem
rbat
t zone
ns to th
he m
recharg
 sensi
 rate ar
ive to 
e most  by 
romine near the .  
metwat el re ry d o the ue p bati  are 
is Table 5.14 erc
 rec
 o
y p
 a
 bu
e 
uce
cas
ir s
g 
, w inc
oothing the predicted 
e magnitude and extent of the recoveries; incr e
 recov
 Sc  2 
arou
pac er 
ugh n. 
ercentage unper
ech 
d sc
eak 
o. 
x 0.8 8  1.2 x 0.8
Tra
x 1.
Sto
x 0.
S r  
x 2 
1 0.1 0.0 0 0  9 7 5.0 .0 1.0 -0. -11. -1 .9 
2 56 -56.2 7.0 -7.0 1.9 -1.5 35.9 -23.3 
3 0.0 0.0 0.0 0.0 1.8 -1.5 22.6 -15.4 
 
The effect of the parameter value perturbations on the model water balance is shown in 
Table 5.15. The differences from the base case for each scenario model run were converted to 
percentages and averaged. The brackets contain the range of values from each mean.  
 
   137
 Table 5.15: Average change in the water balance due to the parameter value 
perturbations fro
model.  
m the model runs for Scenarios 1, 2 and 3 with the transient GAB 
e base case, average over 5 scenario runs (%) Change from th 
Flow  Rech 
x 0.8 
Rech 
x 1.2 
Leak 
x 0.8 
Leak 
x 1.2 
Trans 
x 0.8 
Trans 
x 1.2 
Stor 
x 0.8 
Stor 
x 1.2 
IN Recharge -20 20 0 0 0 0 0 0
(0) (0) (0)  (0)  (0)  (0) (0) (0)
 Vertical 
Leakage 
0 
(0)
0
(0)
-20
 (0)
20 
(0)
0
 (0)
0 
 (0) 
0 
(0)
0 
(0)
 Sea water 2 -2 -0.1 0.2 -21 21 2 -2 
(0) (0) (0) (0) (0) (0) (0)
 
-4 4 -5 5 -17 18 -2 3 
(76)
(2) (2) (0.1) (0.1) (2) (3) (4) (3)
 TOTAL 
inflow 
-15 
(0.01)
15 
(0.01)
-5 
(0)
5 
(0)
-0.1 
(0.01)
0.1 
(0.01) 
0.01 
(0.01)
-0.01 
(0.01)
OUT Water 
bores 
0 
(0)
0 0 0 0 0 0 0 
Springs  0 
(0)
0 
(0)
0 
(0)
0 
(0)
0 
(0)
0 
(0) 
0 
(0)
0 
(0)
 Petroleum 
wells 
0 
(0)
0 
(0)
0 
(0)
0 
(0)
0 
(0)
0 
(0) 
0 
(0)
0 
(0)
 Vertical 
leakage 
0 
(0)
0 
(0)
0 
(0)
0 
(0)
0 
(0)
0 
(0) 
0 
(0)
0 
(0)
 Coastal 
discharge (5) (5) (2) (2) (3) (4) (8) (5)
 TOTAL 
outflow 
-0.1 
(0.1)
0.1 
(0.1)
-3 
(4)
3 
(4)
-0.3 
(0.4)
0.3 
(0.4) 
-0.01 
(0.2)
0.03 
(0.1)
IN - 
OUT 
TOTAL 8 -8 
(77)
0.4 
(4)
-0.4 
(4)
-0.1 
(2)
0.05 
(2) 
-0.16 
(0.2)
0.12 
(0.1)
 
Since recharge, vertical leakage, and bore, spring and petroleum well flow rates are not 
head-dependent, the only water balance components that can change in response to parameter 
value perturbations are the coastal flows and the groundwater in storage. As recharge and 
leakage are both model parameters and water balance components, perturbing these has a direct 
impact on the water balance. Perturbing recharge also has a large impact on the groundwater in 
storage. Perturbing transmissivity has the greatest impact on coastal flows, but only a small 
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 impa
rom water 
mana
 condition of many bores increase the difficulty of obtaining reliable data. 
So, a
al leakage had not been minimised during calibration the 
trans
e water level 
fluct
ct on the total water balance because coastal flows are small compared to the other water 
balance components. 
5.7 Discussion 
The purpose of the GAB transient groundwater modelling was to improve on the steady 
state model, in terms of both the water balance and the water level predictions f
gement scenarios.  
The conceptual model, which is critical to successful modelling, was not modified. There 
is a long history of hydrogeological studies of the GAB, much of which is summarised in 
Radke et al. (2000), but no new information suggested that the conceptual model should be 
modified. 
The first step in the process of developing the transient model was to collect more data. 
This presented a significant data management challenge, due to both its quantity and quality. It 
is expensive to collect data over such a large area. Moreover, the high temperatures and 
pressures and poor
lthough there is a long history of data collection in the GAB, much of it is patchy and 
some of questionable accuracy. 
As the condition of the groundwater resource is the immediate issue for regional water 
managers, a comprehensive set of measurements is not a necessary outcome from routine 
monitoring. Neither is it necessary for managers to have discharge rate and water pressure 
measured at the same visit. Groundwater models, however, ideally need a discharge rate for 
every bore over every stress period, and a spatially comprehensive set of bores each with a 
sufficient temporal density of measurements so that all significant changes in discharge rate 
and water level are recorded.  
The calibration process was iterative and it could be carried further, but with diminishing 
returns for the additional effort. Also, as with all inversely calibrated models, the final 
parameter set is one of many combinations of values that could produce an equivalent 
calibration. In particular, if the vertic
missivity would have been reduced, and this would in turn have affected the recharge and 
the water balance. 
The large timeframes for water movement in the GAB affect the quality of the calibration. 
Kellett et al. (2003:vii) radiocarbon dated the recharge bed groundwater and found that ‘a 
considerable proportion of ages from groundwater in both the Hooray and Hutton Sandstone 
aquifers are greater than 20,000 years’. A corollary to this is an absence of larg
uations for the model to replicate. Calibrating to large head fluctuations could have 
improved the model, while low-magnitude fluctuations combined with poor monitoring 
increase the difficulty of obtaining a robust calibration. 
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 The transient model should be superior to the steady state model because there is less 
uncertainty in the calibrated parameters due to the increase in the amount of information used 
to determine the parameter values. The transient model parameter set is calibrated against all 
time 
sity of bores and high discharge rates. Alternatively, 
the Basin might be found to be more complex if it were studied in more detail. 
The calibration statistics and calibration hydrographs indicate that the model is reasonably 
well-calibrated. The model verification, though limited in extent, suggests that the relationships 
between measured and modelled water levels during the calibration period continue through the 
validation period. 
Sensitivity analyses were conducted to gain some understanding of the degree of 
uncertainty in the calibrated model and its management predictions due to the uncertainties in 
recharge, vertical leakage, transmissivity and storage coefficient. The analyses were carried out 
with the model calibration perturbed by the changed parameter values. The analyses found that 
the model heads are most sensitive to changes in recharge and least sensitive to changes in 
storage coefficient. The order of increasing sensitivity is: storage coefficient → vertical leakage 
→ transmissivity → recharge. The area around Hughenden and the Flinders management zone 
is the most sensitive to parameter value changes. Increasing transmissivity flattens and smooths 
predicted water level recoveries, while decreasing transmissivity increases the recovery peaks 
and reduces their spread. Increasing storage coefficient reduces the magnitude and extent of 
water level recoveries; reducing storage coefficient increases the recoveries. Perturbations to 
recharge and leakage had a minor effect on recoveries, except in the area around Hughenden 
and the Flinders management zone.  
The response of the water balance to parameter value perturbations is limited because 
recharge, vertical leakage and well file flow rates are not head-dependent, leaving only coastal 
flows and groundwater in storage to respond to changing heads. As recharge and leakage are 
both model parameters and water balance components, perturbing these has a direct impact on 
the water balance. Perturbing recharge also has a large impact on the groundwater in storage. 
Perturbing transmissivity and storage had little impact on the total water balance.  
The water balance provides estimates of coastal outflows, recharge and vertical leakage. 
The large difference between the vertical leakage from the transient and steady state models 
suggests that it would be useful to have field measurements of this parameter. The model 
periods in the calibration window, while the steady state calibration only needs to re-
create the heads from one time period. There are more potentially suitable but wrong parameter 
combinations that could satisfy a steady state calibration than a transient calibration. 
The transient modelling revealed two areas where the 5 km x 5 km model cells appear to 
be too large to replicate the observed hydraulic heads. These are the highly developed areas 
between the Eulo and Nebine Ridges (Figure 4.3) and in the Olympic Dam wellfields. The head 
variability could be caused by the high den
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 recharge compares  
been no measurements.  covering the recharge W, SA and NT 
wou
well to measured values and provides a useful estimate where there have
 A recharge study  areas in NS
ld be useful. 
The transient model water balance suggests that the Basin is not in equilibrium: over the 
1965 to 1999 period outflows exceeded inflows by an estimated 72 % of total inflows, and after 
the completion of 5 years of GABSI rehabilitations, outflows exceeded inflows by an estimated 
62 % of total inflows. However, the management scenarios estimate that it will be possible to 
recover some of the lost groundwater pressure if all stock and domestic bores are rehabilitated 
and new extractions are limited. In this case the modelling estimates that inflows could exceed 
outflows by up to 40 % of total outflows. 
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 Chapter 6: CONCLUSIONS 
6.1 Introduction 
Sustainable management of groundwater systems is essential to their health and 
conti
ntrol 
and to m t 
well, ground
products that
can inform the equitable distribution of public funds for such activities as on-ground works to 
improve the condition of a 
The dev
analytical m
model result or groundwater managers. More complex numerical 
models can account for the natural variability 
the collectio tion of large amounts of data. Although data 
collection is expensive, and the development and calibration of these models are lengthy, the 
results are lik
This research has investigated groundwater modelling through literature review and the 
developm
aquifer near  Queensland and two for the GAB, which spans Queensland, NSW, SA 
and 
pplication 
met 
lable for the 220 km2 study area, and the 
calculation of K  and hydraulic heads, are described in Section 3.2. The hydrogeologic 
fram  (Sec ogs. Groundwater flows unconfined 
from
nuing productivity. Improved groundwater management requires modelling tools that 
quantify the resource and the framework of the groundwater system. Models are increasingly 
used by water managers to give broader and longer-term perspectives to management co
ee societal expectation of sustainable management of the resource. When developed 
water models integrate scientific understanding of the groundwater systems into 
 can be understood by policy makers, and they provide quantitative measures that 
groundwater resource. 
elopment of suitable groundwater models is, however, a difficult task. Simple 
odels require less data and less time for construction but the resolution of the 
s is typically too coarse f
of groundwater system frameworks but require 
n, interpretation and interpola
ely to be more accurate. 
ent, application and assessment of three groundwater models, one for a coastal 
Bowen in
the NT. These are the first comprehensive and well-documented attempts to model these 
systems. They provide a platform for scenario investigation and future improvements. The 
modelling is summarised in the following sections and some aspects of the model functionality 
and findings are reviewed in order to assess whether the model development and a
the original objectives set out in Section 1.2. Section 6.5 suggests some areas for further 
research that would improve the groundwater modelling.  
6.2 Bowen GIS model 
Darcy’s Law was used with a GIS to calculate dynamic water balances for the data-rich 
Bowen aquifer, as described in Chapter 3. Data avai
h
ework tion 3.3) was determined from lithological l
 the south, through dominantly weathered granite, toward the north, through dominantly 
fluvio-deltaic sediments.  
The study area was spatially and temporally discretised and the hydraulic components 
were calculated independent of each other, as described in Section 3.4. Groundwater fluxes 
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 were calculated using Darcy’s Law, which is described in Section 2.4.4. The calculated water 
balance components, being water bore discharges, coastal flows, river interactions, 
evapotranspiration, lateral flows and groundwater storage, were then combined using a 
conservation equation to determine the unknown component, which was groundwater recharge.  
All water balance components show strong seasonal variations (Section 3.5) in response to 
the 
iverbed thickness, specific yield and evapotranspiration parameters. The water 
balan
ter. 
6.3 
summer-dominant rainfall, although rainfall was not an input in the water balance 
calculations. For the period July 1989 to May 1997, the model estimates that, on average:  
• Deep drainage from rainfall and irrigation is about 87 % (about 41 GL/year), river 
leakage is about 12 % (about 6 GL/year) and lateral groundwater inflow into the 
study area is less than 1 % (about 0.4 GL/year) of the groundwater inflows (about 
47 GL/year) 
• Evapotranspiration is about 66 % (about 31 GL/year), water bores are about 28 % 
(about 13 GL/year), fresh water flow to the ocean is about 4 % (about 2 GL/year) 
and drainage into the rivers is about 2 % (about 0.8 GL/year) of the groundwater 
losses (about 47 GL/year) 
• Groundwater pumping uses about 6 times the amount of fresh groundwater that 
flows out to the sea 
• Don River and Euri Creek contribute close to half of the volume of groundwater 
that is removed by pumping 
• About 7 times more river water replenishes the aquifer than groundwater is lost to 
the river 
The sensitivity analysis (Section 3.7) suggests that the water balance is relatively 
insensitive to perturbations in the estimated values of weathered granite Kh, unmetered bore 
flow rates, r
ce is sensitive to changes in riverbed Kz and the evapotranspiration parameters. 
The model makes good use of the available data and provides a new understanding of the 
hydrogeologic framework of the basin, including the identification of a hydraulic valley in the 
northern half of the study area that overlies a basement channel and transmits all flow from the 
south of the study area to the western end of the study area shoreline (Figure 3.7). The model 
also provides a new understanding of the dynamic quantitative effect of climate and the 
interactions between surface water and groundwa
GAB MODFLOW models 
Steady state (Chapter 4) and transient (Chapter 5) numerical groundwater flow models of 
the shallowest artesian aquifer in the GAB were developed separately, based on a common 
conceptual model, which is discussed in Section 4.3.1. Rainfall and river recharge around the 
Basin margin flows down-slope through the sheet-like sandstone aquifers. Groundwater 
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 pressure increases with depth in the Basin because the deeper aquifers outcrop higher on the 
western side of the Great Dividing Range. This pressure difference causes diffuse vertical 
leakage of the groundwater through the intervening siltstone and mudstone aquitards, and from 
the shallowest confined aquifer to the ground surface. Discharge to the ground surface also 
occurs through water bores and petroleum wells, and as localised natural spring flows.  
There has been a lot of water bore data collected from the GAB (Sections 4.2 and 5.1.5), 
but these are unevenly spread over space and time, were generally collected for other purposes, 
and amount to few measurements per bore over the model calibration period. There are also 
problems with discharge rate and water pressure measurements caused by the poor condition of 
the b y obtaining 
reliable measurements at bores with high temperatures and high pressures.  
Both GAB models were developed to r
1988; Harbaugh et al., 2000) software, and are based on  grid with over 
60,000 active 5 km x 5 km square cells (Sections 4.4 and 5.2). The steady state model was 
developed to represent conditions at 30 June 1960 when it was thought the Basin was in 
equilibrium; the transient model was developed utilising additional data and was calibrated 
over the p 965 to 31 Decem 1999. Both mo use the BCF, Well and 
Recharge packag ate flow between , point source discharges and areal recharge 
respectively. In the steady state model, ne e vertical leaka  implemented using the 
GHB p ith an external head and conductance supplied for each GHB cell. In the 
transient model, net diffuse vertical leakage is implemented in the recharge package, with 
leakage assig  is 
actually an in outflow in each ted model cell  models use net fluxes 
because both the G Recharge packages only allow for flow through one side of each 
model ce
The s  was calibrated manually (Section 4.4.8); the transient model was 
calibrated using P aterma merical Computing, 2004) and groundwater 
utilities (Watermark Computing, 2003a and 2003b; Section 5 with pilot points. The 
transient model observations were weighted so that the minimisation of the objective function 
reflect model’s potential uses, these being respectively: to 
simu te the impact of changing bore flows, to more generally inform water management plans 
and t
ore casing and/or headworks of some bores, or by the difficulties posed b
un with MODFLOW (McDonald and Harbaugh, 
 a north-south-aligned
eriod 1 January 1 ber dels 
es to simul  cells
t diffus ge is
ackage, w
ned to those cells not receiving recharge. Although diffuse vertical leakage
flow and an affec , the
HB and 
ll.  
teady state model
EST software (W rk Nu
.2.10) 
ed the relative importance of the 
la
o provide an estimate of the water balance. 
The different implementations of the conceptual model in the two numerical models had a 
large impact on the estimated water balance (Sections 4.5 and 5.3.9; Table 6.1). The steady 
state assumption, which was found during the development of the transient model to be invalid, 
distorts that water balance, and both the vertical leakage and recharge components are much 
larger in the steady state model. The recharge rate is over-estimated in the steady state model 
because the steady state assumption requires that inflows balance outflows. The magnitude of 
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 the vertical leakage was minimised during the calibration of the transient model to prevent it 
dominating the water balance because there were no measurements of vertical leakage to guide 
the calibration and because the modelled heads are not very sensitive to vertical leakage 
pertu
ient 
wate
965-1999 
rbations. The transient model water balance suggests the Basin is not in equilibrium. It 
predicts an inflow deficit of about 300 GL/year, or 42 % of total outflows. A model scenario 
with all water bores rehabilitated (Section 5.6.3) found that inflows exceeded outflows by 122 
GL/year. This suggests that modernising water distribution systems would provide suffic
r savings to recover some of the lost groundwater pressure in the Basin. 
 
Table 6.1: Water balances from the steady state and transient GAB models.  
Component Steady state model
1960
Transient model 
av. 1
 (GL/year)a  (GL/year)b
Inflows  
Recharge 708 323 
Vertical leakage 465 106 
Sea water 0.15 1.1 
TOTAL 1,173 430 
Outflows  
Vertical leakage 626 88 
Water bores 501 591 
Springs 34 50 
Coastal discharge 12 11.5 
Petroleum wells 0 1.5 
TOTAL 1,173 742 
In - Out 0 -312 
(a) see Table 4.3; (b) see Table 5.6. 
 
A sensitivity analysis for the steady state model (Section 4.7) showed that modelled heads 
were most sensitive to aquifer Kh, less sensitive to recharge, and least sensitive to aquitard Kz 
perturbations. The area around Coonabarabran in NSW (Figure 4.1) is the most sensitive to 
parameter value perturbations. Away from the recharge areas (Figure 4.9) only Kh parameter 
cha ve a ment scenarios 
(Sec
nges ha significant impact on modelled heads. However, in the manage
tion 4.8), where the areas of most interest are in the artesian parts of the Basin, Kh and Kz 
perturbations had the greatest effect on modelled heads, changing the water level recovery 
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 predictions by up to one-third. As the model was uncalibrated during this analysis, the 
magnitude of the head changes is unlikely to be representative of the actual impact of other 
alternative calibrated parameter sets. 
A sensitivity analysis for the transient model (Section 5.5) found that the order of 
increasing model sensitivity to parameter perturbations is: storage coefficient → vertical 
leakage → transmissivity → recharge → wells. The area adjacent to the recharge cells around 
Hughenden in Queensland (Figure 4.1) is the most sensitive to recharge rate perturbations.  
Mo evels with 
observed water levels that were not used in
d extent of water level recoveries; reducing storage increases the recoveries. 
Perturbations to recharge and leakage had a minor effect on recoveries, except in the area 
around 
lance helps provide a sound basis for the development of GAB groundwater 
management odel has 
also bee
6
del validation, implemented as a comparison of model-predicted water l
 the calibration, was possible for Olympic Dam 
bores in the transient model (Section 5.4.3). The results show that the model-predicted water 
levels follow the same trends, compared to the observed water levels, both during, and for four 
years after, the calibration period in this area of the Basin. 
In the management scenario sensitivity analysis (Section 5.6.4) increasing transmissivity 
flattens and smooths predicted water level recoveries, while decreasing transmissivity increases 
the recovery peaks and reduces their spread. Increasing storage coefficient reduces the 
magnitude an
Hughenden and the Flinders management zone. 
Four water-bore rehabilitation scenarios were run with the steady state model 
(Section 4.8) and three were run with the transient model (Section 5.6). A scenario comparing 
the steady state and transient models (Section 5.6.1) found that the differences in the model 
parameter sets and implementation of vertical leakage affected the recoveries they predicted. In 
the transient model the water level recovery in SA, and the Warrego, Surat and Eastern Downs 
management zones is less pronounced, while recovery in the Barcaldine and Flinders 
management zones is more pronounced. The transient model management scenarios suggest 
that it will be possible to recover some of the lost groundwater pressure if all stock and 
domestic water bores are rehabilitated and new extractions are limited. 
The purpose of this modelling was both to gain a better understanding of the water 
balance of the GAB and to provide a tool that could predict water level recoveries under 
different bore rehabilitation scenarios. These estimates of inflows and outflows complement 
other studies of the Basin and add to our understanding of its hydrodynamics. In this way the 
water ba
plans and policies. Through its water level recovery predictions, the m
n used to support the GAB Sustainability Initiative. 
.4 Has the research met its objectives? 
The Bowen and GAB models were developed with the aim of achieving three main 
objectives, namely: (i) to develop and demonstrate a method of calculating 
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 retrospective/historical water balances for a data-rich aquifer using Darcy’s Law with the aid of 
a Geographic Information System; (ii) to estimate the water balance of a poorly-monitored 
groundwater basin using MODFLOW in a comprehensive model-development framework that 
takes into account model objectives, data and knowledge availability and sensitivity analysis 
techniques; and (iii) to add to the understanding of these groundwater basins and provide a 
sound basis for improving management of their groundwater. The extents to which these model 
objectives have been achieved are discussed in more detail below.  
6.4.1 Calculating water balances with Darcy’s Law 
As summarised in Section 6.2, Darcy’s Law was used with a GIS to calculate water 
balan
models of the shallowest artesian aquifer in the GAB. 
At t groundwater basins globally. The model 
com
 finer discretisation than the 
earlier models, and the calibration time period of the transient model is greater than in any 
previous A
The transient
used in i co
heads over 
323 GL/year
continue to f . The different vertical leakage estimates from 
the two m
leakage. 
6 4.
The modelling has provided an increased understanding of the hydrogeology of the 
Bowen an  G
determined d nd that the weathered granite is an important 
ces for the data-rich Bowen aquifer. This is the first time this approach has been applied 
to generate a complete groundwater balance. The study area was spatially and temporally 
discretised and the hydraulic components were calculated independent of each other. The 
components were then combined using a conservation equation to determine the unknown 
component, which was groundwater recharge. The modelled water balance makes possible 
conclusions about the quantitative relationship between the different water balance 
components. 
6.4.2 Estimating a water balance using MODFLOW 
As summarised in Section 6.3, water balances were generated from separately developed 
steady state and transient MODFLOW 
over 1.7 x 106 km2 the GAB is one of the larges
plexity is greater than in any previous numerical groundwater model of the GAB. The 
models use more data, extend over a larger area, use a generally
G B model. The calibrations, as compared to the standard measures, are acceptable. 
 model is considered to be the more accurate of the two because more data were 
ts nstruction and because its calibration required modelled heads to match observed 
35 years. It estimates recharge to the most exploited artesian aquifer to be 
 and outflows to be greater than inflows, indicating that groundwater levels will 
all until discharge rates are reduced
odels verify the great uncertainty in the magnitude of the diffuse vertical inter-aquifer 
. 3 Informing groundwater management on the 
groundwater basins 
d AB aquifers. Their hydrogeologic frameworks and hydraulic head surfaces were 
uring model development. It was fou
   147
 aquifer in the  from that part of the 
aquifer f s
In the GAB, ern 
marg
ecause 
many GAB bores have very few historical pressure 
simulation with the transient GAB 
out in the Coonamble Embayment could sustain levels there if no new bores were drilled. The 
transient o
half of the 20
all stock and es and distributing their water through pipes to float valve 
controlle ta
of new bores
6.5 Further research 
Some areas for further research that would improve the groundwater modelling have been 
identified over t
he 
hemical indicators were sought, but 
• 
 groundwater 
• r from 
• 
 southern half of the Bowen study area and the groundwater
low  through a narrow north-south oriented basement channel between the two rivers. 
most groundwater flows from the eastern and western margins toward the south
in, some groundwater flows north to the Gulf of Carpentaria and the remainder flows 
toward Lake Amaroo in western Queensland. The Bowen model results are used by the 
Queensland Department of Natural Resources and Water in their management of groundwater 
pumping from irrigation bores. The GAB steady state model has been used in the allocation of 
GABSI funding, while the transient model results have more recently featured in discussions on 
groundwater sustainability in the 2006 review of the GAB Strategic Management Plan (Reeves 
and Breckwaldt, 2006).  
In addition, a simple new technique was developed to interpolate GAB hydraulic heads 
between sparse measurements, which can have an interval of decades. This is useful b
measurements. Also, a predictive 
model found that GABSI bore rehabilitation works carried 
m del found that, basinwide, anthropogenic discharge needs to be reduced to about 
04 rates before water levels will cease to decline. It was calculated that controlling 
 domestic water bor
d nks and troughs could achieve this with some spare capacity for the development 
. 
he course of the research. They include:  
• continuing or resuming the collection of Bowen irrigation bore discharge rates 
and converting the Bowen GIS model to a predictive transient numerical model; 
• measuring or calculating estimates of diffuse vertical inter-aquifer leakage in t
GAB: this could entail water level measurements from nested piezometers and 
measurement of Kz from drill cores, as hydroc
not found, by Radke et al. (2000); 
implementing uncontrolled water bore and spring discharges in the GAB models 
as head-dependent flows to enable these flow rates to vary with
pressure; 
determining which GAB water bores have corroded casing that allows wate
higher pressure aquifers to leak into lower pressure aquifers; 
experimenting with different materials and construction methods to increase the 
lifespan of GAB bore infrastructure; 
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 • refining the stratigraphy of the Eulo-Nebine Ridge area; and 
undertaking studies in the • NSW, SA and NT recharge areas to determine 
From a
increasing gr s. If uncontrolled point-source discharges were 
impleme d
water bores c are generally not measured, 
and their lo
had ceased to oundwater pressure if the spring 
vents have closed.  
Improvements in the quality of data from the GAB are unlikely in the foreseeable future 
due to cost factors. However, the following would be useful to improve the modelling:  
• creating a network of non-production monitoring bores in the GAB: the work of 
Merrick (1999) suggests an exclusion radius of 20 km would be sufficient; 
• gathering and storing estimates or measurements of actual bore discharge rates for 
all GAB water bores on a regular basis: the modelling suggests annual volumes 
would be sufficient; 
• measuring or calculating estimates of discharge rates from the higher-flowing 
natural springs; and 
• measuring transmissivity over the full thickness of the CADN aquifer in the 
depocentres. 
6.6 Summary of contributions 
This research has made a number of contributions to the development of groundwater 
models for the purpose of estimating water balances and improving the information provided 
for water management. A summary of the contributions of this research include: 
• the development and application of a method of calculating historical groundwater 
balances using the available data with a GIS; 
• the calculation of spatial and temporal estimates of recharge, river interactions 
with groundwater, evapotranspiration from groundwater, groundwater storage and 
water bore discharge for a coastal aquifer near Bowen, Queensland; 
• the development of an exponential equation (Section 5.1.5) to estimate GAB 
groundwater levels given 2 measurements with a temporal gap of decades; 
• the development of a steady state numerical groundwater model of the GAB that 
provided spatial estimates of water balance components not previously measured, 
namely recharge and diffuse vertical inter-aquifer leakage, which provided an 
incremental improvement in our understanding in the hydrogeology of the GAB; 
groundwater recharge rates, that order of priority reflecting recharge potential. 
n ecological point of view, it would be useful to understand the impact of 
oundwater pressure on spring flow
nte  as head-dependent bounds (third dot point above), discharges from uncontrolled 
ould be used in the calibration. However, spring flows 
 f w rates would need to include seepage adjacent to the spring vents. Springs that 
 flow might not be reactivated by the increased gr
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 • the calculation of w e water management scenarios 
using the steady state 
 
poral estimates of water level recoveries from some water 
management scenarios using the transient model. 
 
ater level recoveries from som
model; 
• the development of a transient numerical groundwater model of the GAB that 
built on the steady state model and provides updated spatial estimates of recharge 
and vertical inter-aquifer leakage; 
• the trial of a method of calibrating a transient model using hydraulic head 
gradients as well as actual hydraulic head values; and 
• the calculation of tem
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 APPENDIX A: Some statistical mea used in 
the quantitative assessment of model calibration 
stical measures that can be used in the quantitative 
of numerical groundwater models. This information is largely 
adapted from MDBC (2000:45). 
 
Description Definition or equation Comment 
sures 
This appendix describes some stati
assessment of the calibration 
Sample size  n  
Measured head     [Ł] Head measured at point i  
Modelled head     [Ł] Modelled head at 
approximate location of 
point i  
Residual 
iH
ih
iii HhR −=     [Ł]  
Range of measured values H∆     [Ł] Range of measured heads 
across model domain  
Sum of residuals 
i
n
i
i RWSR ∑
=
=
1
    [Ł] 
Weighting, Wi, in the 
range 0 to 1, is applied to 
account for data quality 
Mean sum of residuals 
n
SRMSR =     [Ł]  
Scaled mean sum of 
residuals H
MSRSMSR ∆=
100
    [%] 
 
Sum of squares 
    [Ł2] 
 
Mean sum of squares  
( )∑
=
=
n
i
ii RWSSQ
1
2
n
SSQMSSQ =     [Ł2]  
Root mean square MSSQRMS =     [Ł]  
Root mean fraction square 
∑
= ⎟
⎟
⎠
⎞
⎜⎜⎝
⎛=
n
i i
ii
H
RW
n
RMFS
1
2
1100 [%] 
 
Scaled RMFS  
H
HRMFSSRMFS ∆=     [%] 
H  is the mean of 
measured head values 
that have a range of H∆  
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Definition or equation Comment Description 
Scaled RMS 
Correlation coefficient  
 
H
RMSSRMS ∆=
100
    [%] 
 
( )( )
 
 
Coefficient of 
determination  
( ) ( )∑∑n
∑
==
=
−−
=
ii
i
ii HHhh
R
11
1
− H−i
n
iH
n
h
2
h
2
 
( )2 RR =  o  r  
calibration 
2 R2 is ne fo  a perfect
h
modelled head values 
 is the mean of the 
 
 APPENDIX B: Bowen aquifer modelled water balance components 
Th pend s estim  of th b m e  ir n  e
 
Inflo mponent Outflow ponents 
is ap ix list ates e water alance co ponents in ML for th Bowen rigatio aquifer for ach time period simulated.  
Period w co s  com  Stress 
period 
No. From  
Nu er 
of s Rec
Late
infl
Seep
from ri i
W Coa
disch
Seep
to ri Evapotranspi out
C
in a
st BalancTo
mb
 day harge 
ral 
ow 
age 
vers 
Total 
nflow 
ater 
bores 
stal 
arge 
age 
vers ration 
Total 
flow 
hange 
quifer 
orage e 
1              18.6.1989 15.7.1989 28 31 249  762 359 74 1865 3060
2               
3 13.8.1989 9.9.1989 28 2063 31 263 2357 285 309 64 2521 3180 -823 0 
4 10.9.1989 7.10.1989 28 3392 31 269 3692 575 289 61 3606 4531 -839 0 
5 8.10.1989 4.11.1989 28 3977 31 295 4303 1264 240 58 3619 5180 -878 0 
6 5.11.1989 2.12.1989 28 3558 31 322 3911 1212 197 56 3288 4753 -842 0 
7 3.12.1989 30.12.1989 28 3525 31 349 3904 1208 175 53 3238 4674 -770 0 
8 31.12.1989 27.1.1990 28 2529 31 365 2925 243 157 51 3237 3688 -763 0 
9 28.1.1990 24.2.1990 28 3697 31 382 4110 247 141 49 3353 3789 321 0 
10 25.2.1990 24.3.1990 28 4841 31 390 5262 155 150 52 2614 2971 2290 0 
11 25.3.1990 21.4.1990 28 5574 31 422 6027 657 242 32 1881 2813 3214 0 
12 22.4.1990 19.5.1990 28 5974 31 273 6279 775 374 69 2490 3708 2570 0 
13 20.5.1990 16.6.1990 28 3888 31 337 4256 780 410 42 1786 3018 1238 0 
14 17.6.1990 14.7.1990 28 2775 31 270 3077 810 397 70 2292 3569 -493 0 
15 15.7.1990 11.8.1990 28 2216 31 270 2517 1297 335 75 2396 4104 -1586 0 
16 12.8.1990 8.9.1990 28 3486 31 282 3799 1994 282 75 3077 5429 -1630 0 
17 9.9.1990 6.10.1990 28 3311 31 309 3651 1682 239 73 3324 5318 -1667 0 
18 7.10.1990 3.11.1990 28 2519 30 337 2886 660 202 72 3288 4221 -1335 0 
19 4.11.1990 1.12.1990 28 4032 30 362 4424 699 169 67 3521 4457 -32 0 
20 2.12.1990 29.12.1990 28 9913 31 395 10338 658 180 44 3648 4531 5808 0 
21 30.12.1990 26.1.1991 28 11861 32 339 12232 478 501 78 2698 3756 8476 0 
16.7.1989 12.8.1989 28 2794 31 253 3079 1108 333 68 2357 3866 -787 0
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 Period Inflow components Outflow components  Stress 
period 
No. From  To
Number 
of days Recharge 
Lateral 
inflow 
Seepage 
from rivers 
Total 
inflow 
Water 
bores 
Coastal 
discharge 
Seepage 
to rivers Evapotranspiration 
Total 
outflow 
Change 
in aquifer 
storage Balance 
22 27.1.1991 23.2.1991 28 8592 32 291 8915 471 701 148 4809 6129 2786 0 
23 24.2.1991 23.3.1991 28 5387 32 205 5624 561 597 233 5320 6711 -1087 0 
24 24.3.1991 20.4.1991 28 4516 32 201 4749 1165 478 208 4374 6224 -1475 0 
25 21.4.1991 18.5.1991 28 3452 32 205 3689 1169 375 180 3316 5040 -1351 0 
26 19.5.1991 15.6.1991 28 2777 32 210 3018 1263 332 172 2490 4257 -1239 0 
27 16.6.1991 13.7.1991 28 2834 31 214 3080 1605 296 167 2290 4357 -1278 0 
28 14.7.1991 10.8.1991 28 3111 31 229 3371 1669 263 153 2633 4717 -1346 0 
29 11.8.1991 7.9.1991 28 3264 31 241 3536 1901 238 137 2705 4981 -1445 0 
30 8.9.1991 5.10.1991 28 4369 31 253 4653 2007 212 134 3530 5883 -1230 0 
31 6.10.1991 2.11.1991 28 5157 31 263 5450 1562 193 128 3959 5842 -392 0 
32 3.11.1991 30.11.1991 28 5665 31 258 5954 1431 191 123 3918 5663 291 0 
33 1.12.1991 28.12.1991 28 4670 31 287 4988 536 205 96 3721 4558 429 0 
34 29.12.1991 25.1.1992 28 4471 31 253 4755 332 220 106 4056 4714 41 0 
35 26.1.1992 22.2.1992 28 3418 31 265 3713 290 224 98 3588 4199 -486 0 
36 23.2.1992 21.3.1992 28 2771 31 272 3074 432 223 100 3203 3958 -884 0 
37 22.3.1992 18.4.1992 28 2898 31 291 3220 1230 199 106 2867 4402 -1182 0 
38 19.4.1992 16.5.1992 28 2578 31 336 2945 1262 175 100 2164 3702 -757 0 
39 17.5.1992 13.6.1992 28 2345 31 348 2724 1321 174 92 1629 3217 -493 0 
40 14.6.1992 11.7.1992 28 1929 30 358 2317 1402 163 91 1472 3128 -810 0 
41 12.7.1992 8.8.1992 28 2076 30 381 2488 1922 152 86 1831 3991 -1504 0 
42 9.8.1992 5.9.1992 28 1974 30 426 2430 1961 127 81 1966 4135 -1705 0 
43 6.9.1992 3.10.1992 28 2421 30 465 2916 1750 108 74 2149 4080 -1163 0 
44 4.10.1992 31.10.1992 28 2984 30 483 3497 1583 92 68 2718 4461 -964 0 
45 1.11.1992 28.11.1992 28 2695 30 507 3231 1194 80 62 2840 4176 -945 0 
46 29.11.1992 26.12.1992 28 3920 29 532 4482 382 77 56 2464 2979 1504 0 
47 27.12.1992 23.1.1993 28 6821 30 492 7343 330 147 40 2587 3104 4239 0 
48 24.1.1993 20.2.1993 28 5812 30 329 6171 340 271 44 3768 4424 1748 0 
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 Period Inflow components Outflow components  Stress 
period 
No. From  To
Number 
of days Recharge 
Lateral 
inflow 
Seepage 
from rivers 
Total 
inflow 
Water 
bores 
Coastal 
discharge 
Seepage 
to rivers Evapotranspiration 
Total 
outflow 
Change 
in aquifer 
storage Balance 
49 21.2.1993 20.3.1993 28 2396 30 345 2771 357 219 47 3287 3910 -1139 0 
50 21.3.1993 17.4.1993 28 3365 30 357 3752 1736 167 58 3168 5129 -1377 0 
51 18.4.1993 15.5.1993 28 2427 30 395 2852 2391 131 54 2158 4735 -1883 0 
52 16.5.1993 12.6.1993 28 1339 30 441 1810 2018 113 47 1624 3801 -1991 0 
53 13.6.1993 10.7.1993 28 1130 29 492 1651 1768 97 42 1511 3418 -1767 0 
54 11.7.1993 7.8.1993 28 1004 29 541 1574 1739 80 37 1291 3147 -1573 0 
55 8.8.1993 4.9.1993 28 1550 29 569 2148 1648 73 36 1656 3413 -1265 0 
56 5.9.1993 2.10.1993 28 1878 29 594 2500 1653 69 35 1859 3616 -1116 0 
57 3.10.1993 30.10.1993 28 2078 29 601 2708 1357 60 35 2048 3500 -792 0 
58 31.10.1993 27.11.1993 28 2231 29 593 2852 735 52 37 2399 3223 -371 0 
59 28.11.1993 25.12.1993 28 2482 29 600 3110 694 52 37 2293 3076 34 0 
60 26.12.1993 22.1.1994 28 3771 29 631 4430 353 48 34 2510 2944 1486 0 
61 23.1.1994 19.2.1994 28 5220 29 585 5834 298 61 33 2259 2651 3183 0 
62 20.2.1994 19.3.1994 28 3830 29 527 4386 489 98 22 2020 2629 1757 0 
63 20.3.1994 16.4.1994 28 1742 29 463 2234 885 100 29 2038 3053 -818 0 
64 17.4.1994 14.5.1994 28 559 29 490 1079 885 90 32 1602 2609 -1530 0 
65 15.5.1994 11.6.1994 28 521 29 508 1058 1142 87 35 1411 2676 -1618 0 
66 12.6.1994 9.7.1994 28 619 29 535 1183 1259 77 34 1412 2782 -1599 0 
67 10.7.1994 6.8.1994 28 733 29 553 1315 1489 62 35 1433 3019 -1704 0 
68 7.8.1994 3.9.1994 28 1541 29 570 2140 2170 48 35 1642 3896 -1756 0 
69 4.9.1994 1.10.1994 28 1443 28 582 2053 1915 37 36 1701 3689 -1636 0 
70 2.10.1994 29.10.1994 28 1327 28 582 1936 1250 31 38 1840 3159 -1222 0 
71 30.10.1994 26.11.1994 28 1904 28 596 2527 1022 25 41 2051 3139 -611 0 
72 27.11.1994 24.12.1994 28 3260 28 578 3866 1008 24 42 2017 3091 775 0 
73 25.12.1994 21.1.1995 28 3805 28 611 4444 429 29 29 2088 2575 1869 0 
74 22.1.1995 18.2.1995 28 3193 28 664 3886 417 36 20 1910 2383 1503 0 
75 19.2.1995 18.3.1995 28 2962 28 592 3582 709 49 20 1929 2707 876 0 
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 Period Inflow components Outflow components  Stress 
period 
No. From  To
Number 
of days Recharge 
Lateral 
inflow 
Seepage 
from rivers 
Total 
inflow 
Water 
bores 
Coastal 
discharge 
Seepage 
to rivers Evapotranspiration 
Total 
outflow 
Change 
in aquifer 
storage Balance 
76 19.3.1995 15.4.1995 28 1774 29 532 2334 730 60 23 2052 2865 -530 0 
77 16.4.1995 13.5.1995 28 479 28 512 1019 993 52 28 1580 2654 -1634 0 
78 14.5.1995 10.6.1995 28 343 28 521 892 1150 44 32 1134 2361 -1469 0 
79 11.6.1995 8.7.1995 28 796 28 535 1359 1293 41 34 1099 2467 -1108 0 
80 9.7.1995 5.8.1995 28 922 28 546 1495 1286 39 35 1081 2441 -946 0 
81 6.8.1995 2.9.1995 28 966 27 586 1580 1368 38 33 1068 2506 -926 0 
82 3.9.1995 30.9.1995 28 1247 27 597 1871 1354 34 33 1421 2842 -971 0 
83 1.10.1995 28.10.1995 28 1893 27 604 2525 1345 25 33 1460 2863 -338 0 
84 29.10.1995 25.11.1995 28 3287 27 644 3958 564 21 28 1604 2217 1741 0 
85 26.11.1995 23.12.1995 28 4870 27 761 5659 506 26 13 1670 2215 3444 0 
86 24.12.1995 20.1.1996 28 5911 28 639 6578 613 51 12 1974 2651 3927 0 
87 21.1.1996 17.2.1996 28 5480 28 512 6020 608 138 17 2639 3403 2617 0 
88 18.2.1996 16.3.1996 28 3607 28 472 4107 608 176 22 2972 3778 329 0 
89 17.3.1996 13.4.1996 28 2595 28 410 3034 608 150 28 2729 3515 -482 0 
90 14.4.1996 11.5.1996 28 1574 28 455 2057 612 128 27 1768 2534 -477 0 
91 12.5.1996 8.6.1996 28 1261 28 480 1769 612 109 28 1627 2376 -607 0 
92 9.6.1996 6.7.1996 28 620 28 462 1110 931 93 32 1232 2288 -1178 0 
93 7.7.1996 3.8.1996 28 769 28 472 1270 1493 76 35 1278 2882 -1612 0 
94 4.8.1996 31.8.1996 28 975 28 490 1493 1452 62 36 1449 3000 -1507 0 
95 1.9.1996 28.9.1996 28 22 28 532 582 102 55 35 1773 1964 -1381 0 
96 29.9.1996 26.10.1996 28 590 28 634 1251 76 48 27 1691 1842 -590 0 
97 27.10.1996 23.11.1996 28 4546 28 556 5130 1381 54 33 2157 3624 1505 0 
98 24.11.1996 21.12.1996 28 6141 28 610 6779 1409 88 23 2427 3948 2831 0 
99 22.12.1996 18.1.1997 28 5583 28 546 6157 578 137 22 2589 3326 2831 0 
100 19.1.1997 15.2.1997 28 5374 28 476 5878 181 200 21 2589 2991 2887 0 
101 16.2.1997 15.3.1997 28 5193 28 451 5673 183 276 18 2351 2828 2845 0 
102 16.3.1997 12.4.1997 28 4166 29 389 4585 183 272 23 2343 2821 1763 0 
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Period Inflow components Outflow components  Stress 
period 
No. From  To
Number 
of days Recharge 
Lateral 
inflow 
Seepage 
from rivers 
Total 
inflow 
Water 
bores 
Coastal 
discharge 
Seepage 
to rivers Evapotranspiration 
Total 
outflow 
Change 
in aquifer 
storage Balance 
103 13.4.1997 10.5.1997 28 3051 30 364 3445 509 248 27 2547 3331 114 0 
104 11.5.1997 7.6.1997 28 2037 30 394 2462 1005 217 26 1870 3118 -656 0 
105 8.6.1997 5.7.1997 28  30 420   190 26 1721  -1225  
106 6.7.1997 2.8.1997 28  30 460   165 27 1717  -1691  
107 3.8.1997 30.8.1997 28  30 494   142 28 1942  -1354  
108 31.8.1997 27.9.1997 28  30 479   126 31 2111  -837  
109 28.9.1997 25.10.1997 28  30 424   112 36 2480  -659  
110 26.10.1997 22.11.1997 28  30 405   100 38 3339  -657  
111 23.11.1997 20.12.1997 28  30 442   88 35 3590  194  
112 21.12.1997 17.1.1998 28  30 591   102 21 1699  1893  
113 18.1.1998 14.2.1998 28  30 484   145 23 2460  1989  
114 15.2.1998 14.3.1998 28  30 441   168 25 2798  -75  
115 15.3.1998 11.4.1998 28  30 461   150 27 3097  -1338  
116 12.4.1998 9.5.1998 28  30 503   129 27 2177  -588  
117 10.5.1998 6.6.1998 28  30 514   143 27 2051  178  
118 7.6.1998 4.7.1998 28  30 511   159 28 1705  -260  
119 5.7.1998 1.8.1998 28  30 526   151 29 1743  -1202  
120 2.8.1998 29.8.1998 28  29 488   133 32 2043  -341  
121 30.8.1998 26.9.1998 28  30 565   143 27 2037  1403  
122 27.9.1998 24.10.1998 28  30 509   171 28 2775  1702  
123 25.10.1998 21.11.1998 28  30 471   191 28 3170  1298  
124 22.11.1998 19.12.1998 28  30 432   195 29 4097  1387  
125 20.12.1998 16.1.1999 28  30 396   218 30 3541  1765  
126 17.1.1999 13.2.1999 28  30 331   267 38 3582  1779  
127 14.2.1999 13.3.1999 28  31 372   318 34 3103  1655  
128 14.3.1999 10.4.1999 28  31 299   337 50 3221  1521  
129 11.4.1999 8.5.1999 28  31 284   356 62 2885  405  
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period 
No. From To 
Number 
of days Recharge 
Lateral 
inflow 
Seepage 
from rivers 
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Coastal 
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Change 
in aquifer 
storage Balance 
130 9.5.1999 5.6.1999 28  31 295   323 56 2609  -893  
131 6.6.1999 3.7.1999 28  31 321   288 58 2332  -1462  
132 4.7.1999 31.7.1999 28  31 347   256 62 2088  -1695  
133 1.8.1999 28.8.1999 28  31 371   223 65 2526  -1657  
134 29.8.1999 25.9.1999 28  30 361   195 75 2980  -1149  
135 26.9.1999 23.10.1999 28  30 336   185 78 3429  -549  
136 24.10.1999 20.11.1999 28  30 336   176 76 3421  -548  
137 21.11.1999 18.12.1999 28  30    167  3030  -19  
138 19.12.1999 15.1.2000 28  30    198  3040  2641  
139 16.1.2000 12.2.2000 28  30    310  4179  4543  
140 13.2.2000 11.3.2000 28  31    441  4173  2989  
141 12.3.2000 8.4.2000 28  31    494  4506  832  
Total 11.5.1997 7.6.1997 28 323218 3045 44855 371118 103408 16814 6059 247928 374209 -3091 0 
28-day 
average 11.5.1997 7.6.1997 28 3138 30 435 3603 1004 163 59 2407 3633 -30 0 
 
 
 
 APPENDIX C: GAB conceptual 
hydrostratigraphic layers 
This appendix lists the subdivision of GAB stratigraphy into hydrostratigraphic layers. 
Dominant hydrogeology Layer code Stratigraphic units 
Aquifer WINT Griman Creek Formation 
Mackunda Formation 
     Mount Alexander Sandstone Member 
Normanton Formation 
Winton Formation 
Aquitard ALLA Allaru Mudstone 
Bulldog Shale  
Coorikiana Sandstone 
Oodnadatta Formation 
     Wooldridge Limestone Member 
Surat Siltstone 
Toolebuc Formation 
Wallumbilla Formation 
     Coreena Member 
     Doncaster Member 
     Jones Valley Member 
     Ranmoor Member 
Wilgunya Formation 
Aquifer CADN Albany Pass Beds 
Algebuckina Sandstone  
Blythesdale Formation 
Bundamba Formation 
Bungil Formation 
     Kingull Member 
     Minmi Member 
     Nullawurt Sandstone Member 
Cadna-owie Formation 
     Wyandra Sandstone Member 
     Mt Anna Sandstone Member 
De Souzza Sandstone 
Dridool Beds 
Garraway Sandstone 
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Dominant hydrogeology Layer code Stratigraphic units 
Gilbert River Formation 
Gubberamunda Sandstone 
Helby Beds 
Hooray Sandstone  
Keelindi Beds 
Kumbarilla Bedds 
Longsight Sandstone  
Mooga Sandstone 
Murta Formation 
     McKinlay Member  
Namur Sandstone 
Orallo Formation 
Pilliga Sandstone  
Ronlow Beds 
Southlands Formation 
Upper Hooray Sandstone 
Aquitard WEST Loth Formation 
Westbourne Formation 
Aquifer ADOR Adori Sandstone 
Hampstead Sandstone 
Springbok Sandstone 
Aquitard BIRK Birkhead Formation 
Garrawilla Volcanics 
Purlawaugh Formation 
Walloon Coal Measures 
Aquifer HUTT Blantyre Sandstone 
Eurombah Formation 
Evergreen Formation 
     Boxvale Sandstone Member 
Helidon Sandstone 
Hutton Sandstone 
Marburg Sandstone 
Precipice Sandstone 
Aquitard MOOL Moolayember Formation 
Napperby Beds 
Poolowanna Formation 
 
   169
Dominant hydrogeology Layer code Stratigraphic units 
Wallingarah Creek Formation 
Aquifer CLEM Clematis Sandstone 
Digby Beds 
Warang Sandstone 
Wollar Sandstone 
 
 
 
 APPENDIX D: GAB transient model water balance components 
This appendix lists and plots the 1965 to 1999 modelled water balance components in GL from the GAB transient model.  
 
Period Inflow components Outflow components Stress 
period 
No. From To 
Number of 
days Recharge 
Vertical 
leakage 
Seawater 
intrusion 
Total 
inflow 
Water 
bores Springs
Petroleum 
wells 
Vertical 
leakage 
Coastal 
discharge
Total 
outflow
Change in 
aquifer 
storage Balance 
1 1.1.1965 31.12.1965 365 323 106 0.691 430 554 50 0.000 88 15 707 277 0.101 
2 1.1.1966 31.12.1966 365 323 106 0.717 430 558 50 0.000 88 15 710 280 0.100 
3 1.1.1967 31.12.1967 365 323 106 0.772 430 563 50 0.000 88 14 715 285 0.100 
4 1.1.1968 31.12.1968 366 323 106 0.826 430 567 50 0.000 88 14 718 288 0.098 
5 1.1.1969 31.12.1969 365 323 106 0.872 430 571 50 0.000 88 14 723 293 0.098 
6 1.1.1970 31.12.1970 365 323 106 0.913 430 579 50 0.000 88 13 730 300 0.098 
7 1.1.1971 31.12.1971 365 323 106 0.950 430 578 50 0.000 88 13 729 299 0.100 
8 1.1.1972 31.12.1972 366 323 106 0.982 430 581 50 0.000 88 13 732 302 0.097 
9 1.1.1973 31.12.1973 365 323 106 1.011 430 588 50 0.000 88 13 739 309 0.098 
10 1.1.1974 31.12.1974 365 323 106 1.038 430 597 50 0.000 88 12 747 317 0.097 
11 1.1.1975 31.12.1975 365 323 106 1.061 430 602 50 0.000 88 12 752 321 0.097 
12 1.1.1976 31.12.1976 366 323 106 1.084 430 604 50 0.000 88 12 754 323 0.097 
13 1.1.1977 31.12.1977 365 323 106 1.106 430 602 50 0.000 88 12 751 321 0.098 
14 1.1.1978 31.12.1978 365 323 106 1.125 430 600 50 0.000 88 12 749 319 0.097 
15 1.1.1979 31.12.1979 365 323 106 1.143 430 597 50 0.000 88 12 746 316 0.098 
16 1.1.1980 31.12.1980 366 323 106 1.160 430 596 50 0.000 88 12 745 315 0.094 
17 1.1.1981 31.12.1981 365 323 106 1.176 430 592 50 0.000 88 11 741 311 0.096 
18 1.1.1982 31.12.1982 365 323 106 1.190 430 595 50 0.005 88 11 744 314 0.043 
19 1.1.1983 31.12.1983 365 323 106 1.204 430 597 50 0.292 88 11 746 316 0.038 
20 1.1.1984 31.12.1984 366 323 106 1.217 430 597 50 0.349 88 11 747 316 0.035 
21 1.1.1985 31.12.1985 365 323 106 1.229 431 588 50 0.522 88 11 738 307 0.045 
22 1.1.1986 31.12.1986 365 323 106 1.240 431 584 50 0.729 88 11 733 303 0.045 
23 1.1.1987 31.12.1987 365 323 106 1.251 431 580 50 0.939 88 11 729 299 0.097 
24 1.1.1988 31.12.1988 366 323 106 1.261 431 587 50 1.263 88 11 737 306 0.035 
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Period Inflow components Outflow components Stress 
period 
No. From To 
Number of 
days Recharge 
Vertical 
leakage 
Seawater 
intrusion 
Total 
inflow 
Water 
bores Springs
Petroleum 
wells 
Vertical 
leakage 
Coastal 
discharge
Total 
outflow
Change in 
aquifer 
storage Balance 
25 1.1.1989 31.12.1989 365 323 106 1.270 431 598 50 1.512 88 10 748 317 0.030 
26 1.1.1990 31.12.1990 365 323 106 1.279 431 599 50 1.968 88 10 749 319 0.028 
27 1.1.1991 31.12.1991 365 323 106 1.288 431 596 50 2.847 88 10 746 316 0.026 
28 1.1.1992 31.12.1992 366 323 106 1.296 431 600 50 4.120 88 10 752 321 0.023 
29 1.1.1993 31.12.1993 365 323 106 1.304 431 600 50 4.356 88 10 752 322 0.021 
30 1.1.1994 31.12.1994 365 323 106 1.311 431 602 50 5.506 88 10 755 324 0.021 
31 1.1.1995 31.12.1995 365 323 106 1.319 431 607 50 5.601 88 10 760 330 0.095 
32 1.1.1996 31.12.1996 366 323 106 1.325 431 607 50 5.600 88 10 760 330 0.018 
33 1.1.1997 31.12.1997 365 323 106 1.332 431 599 50 5.619 88 10 752 322 0.096 
34 1.1.1998 31.12.1998 365 323 106 1.338 431 600 50 4.883 88 10 752 322 0.026 
35 1.1.1999 31.12.1999 365 323 106 1.344 431 604 50 5.735 88 10 757 326 0.096 
   Total 1.1.1960 31.12.1999 12783 11314 3711 39.626 15064 20671 1750 51.847 3069 404 25947 10885 2.482 
Average 
annual 1.1.1960 31.12.1999 356.25 323 106 1.132 430 591 50 1.481 88 12 741 311 0.071 
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Figure D.1: Changes in GAB transient model water balance components over the 1965 to 1999 calibration period.  
 
 APPENDIX E: GAB transient model calibration 
hydrographs 
The primary aim of the calibration was to replicate hydraulic head changes so the model 
would be best suited for estimating water level recoveries or drawdowns. Replicating water 
elevations was a secondary aim of the calibration. The locations of the bores with calibration 
hydrographs included in this thesis are labelled in Figure E.1. 
New South Wales 
NSW has carried out more water level monitoring per bore than the other states. The 
calibration plots in Figures E.2 and E.3 were chosen to show a spread of bores across the state 
with at least 6 measurements per bore, except bore GW004223, which is in an area with fewer 
water level measurements. The apparent sharp steps in the water levels of some hydrographs, as 
illustrated by GW003862 and GW020109, could be due to insufficient precision in water level 
measurements compared to the magnitude of the water level changes. 
Queensland 
All calibration bores in Queensland with at least 6 water level measurements since 1960 
are plotted in Figure E.4. Additional hydrographs are plotted in Figures E.5 and E.6 to give 
some coverage over the rest of the state. 
South Australia 
Water levels in the Olympic Dam well field areas (Figure 5.18) are well monitored 
(Figure E.7). Two bores in Wellfield A (633800023 and 633800024) are only 6.5 km apart and 
are in adjacent model cells. The difference in calibration fit illustrates that the cell size is too 
coarse to adequately represent the significant hydrogeological variation in this area. Bores 
633900010 and 653900005 are well monitored and are at the western and eastern ends of the 
Olympic Dam wellfields. 
Only 3 calibration bores in South Australia outside the Olympic Dam wellfields have 
more than 4 water level measurements over the calibration period. Other bores are plotted in 
Figures E.8 and E.9 to give some coverage over the rest of the state.  
Northern Territory 
There are no calibration bores for the Northern Territory. Although there are 3 artesian 
bores (Anacoora, Dakota and McDills), there was only one artesian water level available. 
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Figure E.1: Locations of bores with hydrographs included in Appendix E. 
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Figure E.2: NSW transient calibration hydrographs. 
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Figure E.3: NSW transient calibration hydrographs. 
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Figure E.4: All Queensland transient calibration hydrographs with at least 6 water 
level measurements since 1960. 
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Figure E.5: Queensland transient calibration hydrographs. 
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Figure E.6: Queensland transient calibration hydrographs. 
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Figure E.7: SA transient calibration hydrographs near or in the Olympic Dam 
wellfields. 
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Figure E.8: SA transient calibration hydrographs. 
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Figure E.9: SA transient calibration hydrographs. 
 
